Microbial Degradation of Polycaprolactone-based Materials by Damborský, Pavel
VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ
BRNO UNIVERSITY OF TECHNOLOGY
FAKULTA CHEMICKÁ
ÚSTAV CHEMIE POTRAVIN A BIOTECHNOLOGIÍ
FACULTY OF CHEMISTRY
INSTITUTE OF FOOD SCIENCE AND BIOTECHNOLOGY
MICROBIAL DEGRADATION OF
POLYCAPROLACTONE-BASED MATERIALS 
STUDIUM MIKROBIÁLNÍ DEGRADACE MATERIÁLŮ NA BÁZI POLYKAPROLAKTONU 
DIPLOMOVÁ PRÁCE
MASTER'S THESIS
AUTOR PRÁCE Bc. PAVEL DAMBORSKÝ
AUTHOR
VEDOUCÍ PRÁCE Mgr. SOŇA HERMANOVÁ, Ph.D.
SUPERVISOR
BRNO 2013
Brno University of Technology
Faculty of Chemistry
Purkyňova 464/118, 61200 Brno 12
Master's thesis Assignment
Number of master's thesis: FCH-DIP0734/2012 Academic year: 2012/2013
Institute: Institute of Food Science and Biotechnology
Student: Bc. Pavel Damborský
Study programme: Chemistry and Technology of Foodstuff (N2901) 
Study field: Food Science and Biotechnology (2901T010) 
Head of thesis: Mgr. Soňa Hermanová, Ph.D.
Supervisors:
Title of master's thesis:
Microbial Degradation of Polycaprolactone-based Materials 
Master's thesis assignment:
To elaborate a literature review concerning the mechanism of the biodegradation of polyesters and
methods used for monitoring of the biodegradation process.
To describe the methods used for the evaluation of the experiments.
To evaluate experimentally measured results.
To discuss the results.
Deadline for master's thesis delivery: 3.5.2013
Master's thesis is necessary to deliver to a secreatry of institute in three copies and in an electronic way to
a head of master's thesis. This assignment is enclosure of master's thesis.
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Bc. Pavel Damborský Mgr. Soňa Hermanová, Ph.D. doc. Ing. Jiřina Omelková, CSc.
Student Head of thesis Head of institute
- - - - - - - - - - - - - - - - - - - - - - -
In Brno, 31.1.2013 prof. Ing. Jaromír Havlica, DrSc.
Dean
3 
 
ABSTRACT 
The thesis deals with the issue of the effect of nutritious factors and aeration on Bacillus 
subtilis (CCM 1999) lipase production, which was studied from the viewpoint of the crucial 
action of lipases on polyester chains degradation. The parameters such as bacterial growth, 
lipolytic activity, pH optimum, temperature optimum, thermal stability, proteolytic activity, 
the amount of proteins, etc. were determined in three types of media inoculated by Bacillus 
subtilis. One sample set of media: peptone and yeast extract (NB), medium consisted in  
peptone and yeast extract with the addition of 2% (w/v) glucose (NBG) and mineral 
solution with yeast extract (MS-YE) contained poly(ε-caprolactone), PCL film (Mn = 10 kDa, 
Ð = 1.4). Experiments were performed for 21 days under shaking at 160 and 200 rpm. 
The presence of PCL caused in both types of media (NB, NBG) higher values of lipolytic 
activity of Bacillus subtilis indicating the participation of released low-molecular weight 
species as the products of PCL biodegradation. In BS-inoculated MS-YE medium low 
lipolytic activity of Bacillus subtilis as compared with those measured in NB and NBG media 
was determined even in the presence of PCL. During experiment pH value shifted from 
neutral (pH 7.0) to alkaline (pH 8.5 – 9.3) region for all types of media with and without PCL 
specimens. This fact indicates negligible pH changes in microenvironment due to the 
degradation products and/or metabolites. Lipolytic enzymes determined in supernatants free 
of bacterial cells have shown two pH optima in the presence of PCL, at pH 7 and 9. Lipase in 
the absence of polymer displayed optimum pH of 7. Measurement of thermal stability 
demonstrated that extracellular lipases as relative thermostable enzyme especially in the 
absence of polymer. The basic proteomic analysis by peptide mass fingerprint (PMF) of 
lipases produced by Bacillus subtilis at NBG medium after one week of cultivation was 
performed. The presence of proteins with molecular weight (19.3 kDa) close to that reported 
for lipases was verified through FPLC. Both SDS-PAGE and IEF-PAGE indicated presence 
of these proteins in both studied media (NBG vs. NBG/PCL). However, no differences have 
been found in the presence of PCL and no lipase was truly identified through MALDI-TOF 
mass spectrometry. The occurrence of degradation process in PCL samples was also 
documented by their gradual weight loss, which was seen in all media types as the synergic 
effect of lipase- and base-catalyzed ester bond scission.  
Model degradation study of PCL and its composite with graphene oxide (2.7 wt% GO) was 
performed in the presence of Bacillus subtilis in NBG medium at 30 °C and initial pH 7 for 
three weeks. The weight loss of PCL films gradually increased during whole degradation test 
up to 12 wt%. Degradation of PCL/GO composite proceeds slower as documented by 
maximum weight loss of 5.0 wt%. The similar character of elution curves of both PCL and its 
composite, determined by SEC analysis, indicated shifting to lower molecular region. 
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ABSTRAKT 
Diplomová práce se zabývá vlivem nutričních a aeračních faktorů na produkci lipáz bakterií 
Bacillus subtilis (CCM 1999). Produkce lipáz byla studována zejména z hlediska 
katalytického působení lipáz při degradaci polyesterových řetězců. Mezi studované parametry 
patřily: růst bakterií, lipolytická aktivita, pH optimum, teplotní optimum, tepelná stabilita, 
proteolytická aktivita, množství bílkovin, atd. a to v různých typech živných medií 
zaočkovaných Bacillus subtilis. 
Jedna série vzorků kultivačních médií pro BS na bázi: pepton a kvasničný extrakt (NB), 
pepton, kvasničný extrakt s 2% přídavkem (w/v) glukózy (NBG) a minerální médium 
s kvasničným extraktem (MS-YE) obsahovala jeden PCL vzorek o definovaných rozměrech 
(Mn = 10 kDa, Ð = 1.4). Experimenty probíhaly po dobu 21 dnů pří rychlosti třepání 160 a 
200 rpm. 
Přítomnost PCL způsobila v obou typech médií (NB, NBG) inokulovaných BS zvýšení 
lipolytické aktivity, což naznačuje, uvolnění a následné uplatnění se nízko-molekulekulárních 
řetězců PCL jako substrátů pro BS. BS kultivovaný v MS-YE medium vykazoval ve srovnání 
s NB a NBG médii nízké hodnoty lipolytické aktivity a to i v přítomnost PCL.  
Během experimentů se hodnota pH posunula z neutrální (pH 7.0) do alkalické (pH 8.5 – 
9.3) oblasti a to ve všech typech médií s i bez přítomnosti PCL vzorku v důsledku 
metabolických pochodů BS využívajících různé substráty.  
Lipolytické enzymy stanovené v supernatanech bez bakteriálních buněk vykazují dvě pH 
optima v přítomnosti PCL, pH 7 a 9. V nepřítomnosti polymeru vykazují pouze jedno pH 
optimum při pH 7. Na základě měření tepelné stability bylo prokázáno, že extracelulární 
lipázy jsou relativně termostabilní enzymy, zejména v nepřítomnosti polymeru.  
Dále byla provedena základní proteomická analýza lipáz produkovaných bakterií Bacillus 
subtilis v NBG médiu pomocí metody peptidového mapování (PMF). Byla ověřena 
přítomnost proteinů s molární hmotnosti (19.3 kDa) pomocí FPLC. SDS-PAGE a IEF-PAGE 
prokázaly přítomnost těchto proteinů v obou studovaných mediích inokulovaných BS (NBG 
vs. NBG/PCL). Zásadní rozdíly proteinového složení v přítomnosti PCL nebyly potvrzeny a 
identifikace pomoci MALDI-TOF hmotnostní spektrometrie nestanovila žádnou lipázu. 
Proces degradace v PCL vzorcích byl vyhodnocen také na základě hmotnostních úbytků, které 
byly zjištěny ve všech typech médií inokulovaných BS pravděpodobně v důsledku 
synergického účinku enzymaticky-katalyzované a biotické hydrolýzy v alkalickém prostředí.   
Modelová degradační studie PCL a jeho kompozitu s oxidem grafenu (2.7 hm.%, GO) byla 
provedena v přítomnosti bakterie Bacillus subtilis v NBG při 30 °C a počátečním pH 7 po 
dobu tří týdnů. Hmotností úbytky PCL filmů se postupně zvyšovaly během celého 
degradačního testu až ke 12 hm%. Degradace PLC/GO kompozitu probíhala pomaleji, což je 
prokázáno maximální hmotnostním úbytkem 5 hm%. Podobný charakter elučních křivek PCL 
a jeho kompozitu stanovený pomocí SEC potvrzoval snížení molární hmotnosti po degradaci. 
 
KLÍČOVÁ SLOVA 
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1 INTRODUCTION 
The amount of synthetic polymers produced annually all around the world due to the 
developments in science and technology has increased. It is estimated that approximately 
140 million tonnes of synthetic polymers which represent 10 – 11 % of total world wastes are 
produced annually. These polymers, which are extremely stable, do not easily enter into the 
biodegradation process naturally occurring in the biosphere and are also resistant to physical 
and chemical degradation. Consequently, they present disposal problems when their 
usefulness ends. The development of biodegradable materials substituting conventionally 
applied plastics could solve the problem [1][2]. 
Typical biodegradable commercial polymers are polyesters whose repeat units are bonded 
via ester linkages, prone to be degraded by enzymes. Several biodegradable aliphatic 
polyesters are presently produced on a commercial scale. Among these, poly(ε-caprolactone) 
(PCL) is easy available and possess good biodegradability even when is obtained through the 
petrochemical route [1]. Homo-, copolymers and other PCL-based materials play an important 
role as materials for controlled drug release reservoirs, surgical implants, sutures, as well as 
packaging materials [3]. 
The biodegradation process taking place in PCL is believed to be essentially related to the 
action of extracellular hydrolases-lipases since the PCL chains resemble natural lipid 
substrates i.e. triacylglycerides. Nutritional and physico-chemical factors such as nutrients, 
aeration, and pH play important role in the production of lipases.  
The major factor for the expression of lipases triacylglycerol acylhydrolases (EC 3.1.1.3) 
and carboxylesterases (EC 3.1.1.1) has always been carbon and lipases are thus generally 
produced in the presence of a lipid source such as oil or any other inducer including 
triacylglycerols, fatty acids, hydrolyzable esters, tweens, bile salts, and glycerol. However, 
their production is significantly influenced by other carbon sources such as sugars, 
polysaccharides, whey and other complex sources. Generally, microorganisms provide high 
yields of lipase when organic nitrogen sources are used, such as peptone and yeast extract [4]. 
The aim of this work was to study the influence of different carbon and nitrogen sources 
together with different rate of shaking on lipase activity and bacterial growth of Bacillus 
subtilis, bacterium frequently occurring in soil. The culture medium was enriched with 
poly(ε-caprolactone) specimens and the degrading activity of expected lipolytic enzymes of 
BS was evaluated by analyses of PCL material changes. Because of the requirement of high 
lipase production, the mineral medium where the bacterial growth and lipase activity of BS 
was relatively low was excluded from this study [5]. Biodegradation through biofilm 
formation of PCL films was also not studied. 
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2 THEORETICAL PART 
2.1 Bacillus subtilis 
Bacillus subtilis (BS) is a sporulating rod-shaped Gram-positive (Fig. 1), aerobic or 
facultative anaerobic bacterium. Like most of its closest relatives BS is non-pathogenic. 
Additionally, it is considered as a GRAS (Generally Recognized As Safe) status by the US 
Food and Drug Administration [6][7]. Even BS may occasionally contaminate food and cause 
food poisoning, it is not typically considered as a human pathogen [8]. 
Species of the BS group are closely related and thus difficultly distinguishable. Cells of 
these microorganisms are less than 1 µm wide, sporangia are not swollen, and spores have 
ellipsoidal shape. BS are in general mesophilic with respect to temperature and neutrophilic 
regarding pH values for growth and often tolerant towards higher pH levels [9]. 
 
 
Fig. 1 Bacillus subtilis [10] 
BS can be isolated from various ecosystems-terrestrial and marine-therefore it is clear that 
this species is ubiquitous and broadly adapted to grow in diverse settings within the biosphere. 
Due to the fact that BS is found in soil and around plants, which many animals consume, it is 
not a surprise that BS can be found even in excrements [11]. 
BS can form endospores (Fig. 2), a dormant and remarkably resistant state of the bacterium, 
which can germinate back into a vegetative cell once nutrients become available again [12]. 
The formation of these endospores resulted from the response to nutrient deprivation and 
other environmental stresses such as biocidal agents and toxic chemicals, desiccation, 
pressure, extreme temperature, and high doses of UV and ionizing radiation [13]. 
The reason for the high resistance of bacterial spores to environmental extremes lies in the 
structure of the spore. Several different layers protect the endospore. Dehydrated core, 
corresponding to the cytoplasm and containing the genome, is surrounded by a modified 
peptidoglycan layer. This cortex is required for extreme heat resistance. Outside of the cortex, 
coat layers of mainly cross-linked proteins protect the endospores against damaging chemicals 
and enzymes [13]. 
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Fig. 2 Bacillus subtilis endospore [14] 
These endospores represent some of the hardiest and longest-lived cells on Earth [15]. BS 
endospores are easily made airborne and dispersed by wind. Thus, spores might migrate long 
distances, land in a given environment but never germinate there. Traditional methods for 
isolating BS require that the microorganism is in its spore form. So when a strain is isolated 
from a particular environment is not guaranteed that it was actually growing at this 
location [16]. 
Nowadays, BS is along with Escherichia coli one of the best understood of all living 
organisms, and it has become the paradigm for research on Gram-positive bacteria. BS has 
excellent fermentation capacities equal or enhanced than those of E. coli. In addition,  
BS is also capable of producing large quantities of proteins directly into the medium. 
Therefore, the secreted proteins can be purified easily from the medium in their active form, 
which simplifies the downstream processing considerably [6][7]. 
Though BS was considered as a strict aerobe, recent studies have shown that BS can grow 
anaerobically in the presence of nitrate [17]. Nevertheless, there are two possible anaerobic 
pathways, nitrate/nitrite respiration and fermentation. Essentially, nitrate respiration is based 
on nitrate as a preferred terminal electron acceptor when oxygen is absent because of its high 
midpoint redox-potential [18]. During the process of anaerobic nitrate ammonification, nitrate 
is reduced by a respiratory nitrate reductase to nitrite, which is subsequently reduced further 
to ammonia by a general cellular nitrite reductase [19]. The utilization of nitrate as an electron 
acceptor is reasonable, considering that nitrate and nitrite normally are present in sufficiently 
high concentrations in soil, being products of nitrification. Anaerobic nitrate reduction was 
shown to be coupled to energy generation, because BS grows anaerobically in minimal 
medium containing glycerol, a non-fermentable carbon source, if nitrate is present [18]. 
In fermentation, NADH generated by glycolysis cannot be reoxidized by electron transport 
systems, the respiratory electron transfer system is absent in fermentation. Instead NAD+ is 
generated using endogenous electron acceptors produced during metabolism, recycling of 
NADH is accomplished by conversion of pyruvate to fermentation products, thereby allowing 
glycolysis to continue. Bacteria grow by fermentation because energy is generated by 
substrate-level phosphorylation and pyruvate is constantly used to reoxidize NADH [20]. BS 
has lacking or a very inefficient glucose fermentation pathway. However, it grows 
anaerobically by fermentation either when both glucose and pyruvate are available or when 
glucose and mixtures of amino acids are present [17]. Main fermentation products identified 
by means of nuclear magnetic resonance analysis are lactate, acetate, ethanol, succinate, small 
amounts of 3-hydroxybutanone (acetoin), and 2,3-butanediol. No significant amounts of 
formate were detected, although the gas phase was not investigated [18]. 
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2.2 Production of enzymes by Bacillus sp. 
Enzymes are green and biodegradable biocatalysts offering substantial and increasingly 
important advantages over traditional chemical catalysts. They work under relatively mild 
conditions including temperature and pH, and displayed exquisite selectivity in both reactant 
and product stereochemistry. Generally, industrial enzymes market is traditionally divided 
into three segments. (i) The largest one (65 % of sales), is that of technical enzymes and 
includes enzymes used in the detergent, starch, textile, leather, pulp and paper, and personal 
care industries. (ii) Food enzymes, the second largest segment (25 % of the market) includes 
enzymes employed in the dairy, brewing, wine and juice, fats and oils, and baking industries. 
(iii) Finally, feed enzymes, comprising enzymes used in animal feeds, contributes 
approximately 10 % of the market [21].  
Global Industry Analysts Inc., have reported a comprehensive analysis on worldwide 
market for industrial enzymes. According to this global strategic business report, the world 
market for enzymes would exceed $2.9 billion by 2012 ant the major product segments 
include carbohydrases, proteases and lipases [22]. 
 As concerns about the environment mount with population pressures and the 
industrialization of the planet, the need to find more benign methods for the production of 
goods and provision of services leads to further interest in enzymes. Examples where 
enzymes make a significant difference can be found in numerous applications. In laundry 
detergents phosphates have been replaced with enzymes such as proteases and cellulases. In 
bread making chemical emulsifiers are replaced with lipases. In textile factories sodium 
hydroxide is replaced with amylases and pectinases. The list of enzyme applications grows, 
bringing with it a list of significant social and environmental benefits [21]. 
Bacillus sp. are good secretors of proteins and metabolites. Most species of Bacillus strains 
have a high capacity to secrete a variety of extracellular enzymes such as amylase, arabinase, 
cellulase, lipase, protease xylanase, and these enzymes play important roles in many 
biotechnological processes [23]. Nowadays, BS is best known as a source of useful enzymes 
and fine biochemicals, and as an attractive host for the production of heterologous proteins. 
Many different enzymes, like proteases and amylases, originating from BS and related 
Bacillus species are being used in industry for a wide range of different applications. 
Importantly, BS is able to produce and secrete large quantities of proteins into the culture 
medium. Therefore, this microorganism is widely regarded as a prolific "cell factory" for 
industrial enzymes and biopharmaceuticals [6]. 
Although most of the proteins that are commercially produced by BS are secreted into the 
medium, there are also successful examples of cytoplasmic protein production in BS [6][7]. 
2.2.1 Lipolytic enzymes of Bacillus sp. 
Lipolytic enzymes are hydrolases which catalyze the hydrolysis of triglycerides to liberate 
fatty acids and glycerol. They are classified into two groups: carboxylesterases (EC 3.1.1.1) 
and “true” lipases (EC 3.1.1.3, triacylglycerol acylhydrolases) [24]. They are broadly present 
in microorganisms, plants, and animals. Due to their physiological significance and industrial 
applications, they represent a subject of intensive study [25]. Lipases are important regio- and 
stereoselective biocatalysts, they react under mild conditions, display high stability in organic 
solvents, exhibit wide diversity in substrate specificity and they do not have need for 
cofactors [24][26]. Thus they are tremendously used in various fields such as detergents, 
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textile and food, oil processing, production of surfactants, pharmaceuticals, biosensors, 
biodiesel, and agrochemicals [25][27]. 
Lipases are enzymes that possess not only the natural function of hydrolysing of long-chain 
of triacylglycerols, but also catalyse the synthesis of ester bonds of triacylglycerols [26]. In 
addition, there is no strict definition available for the term “long-chain,” but glycerolesters 
with an acyl chain length of ≥ 12 carbon atoms can be considered as lipase. Hydrolysis of 
glycerolesters with an acyl chain length of ≤ 12 usually indicates the presence of an esterase. 
It should be emphasized that most lipases are perfectly capable of hydrolyzing substrates of 
esterases [28][29]. 
The fundamental striking difference between esterases and lipases is that the former acts on 
short chain triglycerides, which are soluble in water. Lipases, however, act on lipids which 
form aggregates in water and require a water-lipid interface for their catalytic activity. 
Bacterial lipases cannot be well distinguished as lipolytic and esterolytic enzymes despite 
many attempts by researches to classify them [30]. Lipases display little activity in aqueous 
solutions containing soluble substrates. In contrast, esterases show normal Michaelis–Menten 
kinetics in solution. Therefore, a change in conformation of the enzyme occurs when there is 
contact with a water-insoluble substrate. This phenomenon was termed “interfacial 
activation”. It should contain a “lid”, which is a surface loop of the protein covering the active 
site of the enzyme and moving away on contact with the interface. Today’s it is an area of 
extensive research [28][31]. However, these obviously suggestive criteria proved to be 
unsuitable for classification, mainly because a number of exceptions were described of 
enzymes having a lid but not exhibiting interfacial activation [28]. 
 
 
Fig. 3 Enzymatic reaction of a lipase catalyzing hydrolysis/synthesis of a triacylglycerol substrate 
Although lipases belong to many different protein families they have the same architecture 
motif-α/ß hydrolase fold [22]. They belong to the family of serine hydrolases and their 
activity relies on a catalytic triad comprising of serine, histidine and aspartate and the α/ß 
hydrolase fold. Lipases also share a consensus sequence of Gly-X-Ser-X-Gly where X may be 
any amino acid residue [30]. Additionally, knowledge of the three-dimensional (3D) structure 
of lipases plays an important role in designing and engineering lipases for specific 
purposes [32]. 
Lipases are reported to be monomeric proteins with average molecular weight in the range 
of 19 – 60 kDa [34]. More than 50 bacterial esterases and lipases were classified into eight 
homology families based on differences in their amino-acid sequences and biological 
properties. Family I concerning true lipases, the largest family with six subfamilies. Bacillus 
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lipases have been classified in subfamilies 4 and 5. Subfamily 4 contains the 19-kDa lipases 
and esterases from the mesophilic or moderately thermophilic strains BS, B. pumilus  
and B. licheniformis with protein sequence identities of around 75 %. Three lipases from the 
thermophilic Bacillus strains, Bacillus stearothermophilus, B. thermocatenulatus and 
B. thermoleovorans with sequence identities up to 95 % were grouped together with 
Staphylococcus lipases into subfamily 5. All these Bacillus lipases share a conserved Ala-X-
Ser-X-Gly pentapeptide that contains the catalytic serine residue. The alanine in this 
pentapeptide replaces the first glycine residue of the canonical Gly-X-Ser-X-Gly lipase 
consensus motif [33][35]. 
The experimental part of this work deals with study of characterization of lipases and other 
extracellular enzymes produced by BS (CCM 1999) so the attention is paid on the published 
reports of structures and substrate specifity, etc. of lipases produced by BS in more details. 
 
• Bacillus subtilis-Lipase A 
Research of the structure of LipA from BS started in 1992 when a lipase gene, LipA, was 
cloned, sequenced, over-expressed, and the protein was characterised. Later, a second gene 
(LipB), which is 74 % identical with LipA, was found as a result of the BS genome-
sequencing project (Tab. 1). This gene has been cloned and over-expressed as well, the 
protein was purified and its substrate specificity was determined [33][35]. 
The BS lipase LipA is particularly interesting, since its molecular mass (19.300 kDa, 181 
amino acid residues) is much smaller than that of the lipases from other organisms [34]. For 
instance, lipases from the two mesophilic strains BS and B. pumilus are the smallest true 
lipases known and shared very little sequence homology (approx. 15 %) with the other 
lipases [36]. 
Furthermore, LipA represents one of the few examples of a lipase that does not show 
interfacial activation in the presence of oil-water interfaces. Moreover, LipA is very tolerant 
to basic pH and has its optimum activity even at pH 10. It was classified as a lipase rather 
than an esterase, because it is able to hydrolyse sn-1 and sn-3 glycerol esters with long fatty 
acid chains. Nevertheless, its highest activity is on glycerol esters with medium-length (C8) 
fatty acid chains, thus resembling an esterase in this way [35]. 
 
Tab. 1 Sequence alignment of lipases and esterases from different Bacillus species [29] 
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The X-ray structure of LipA showed that the enzyme is a globular protein. It consists of a 
single compact domain, with six ß-strands in a parallel ß-sheet surrounded by five α-helices, 
two on one side of the ß-sheet and three on the other side [33]. 
The active-site residues, Ser77, Asp133 and His156, and the backbone amide groups of 
residues Ile12 and Met78 forming the oxyanion hole are in positions very similar to those of 
other known lipase structures. From a comparison with other lipases, which have a covalently 
bound substrate mimic in the active site, we suggest that the C8
 
acyl chains of a substrate are 
bound on the protein surface, and stabilised by hydrophobic interactions with protein residues. 
Since the terminal methyl groups of the C8 chains reach the rim of the hydrophobic surface, it 
can be rationalised that trioctylglycerol is the preferred substrate of BS lipase [34]. 
 
 
Fig. 4 Schematic drawing of the structure of BS lipase LipA. The catalytic triad residues Ser77, 
His156 and Asp133 are labelled with S, H and D, respectively. The letters N and C indicate the N- and 
C-termini, respectively [29] 
• Bacillus subtilis-Esterase B 
The second lipolytic enzyme LipB has been identified from the BS 168 genome sequence 
and demonstrated high homology to the known lipases from BS and B. pumilus. The LipB 
gene was amplified by PCR using chromosomal DNA from BS 168 as the template, over-
expressed in the homologous host and the corresponding enzyme was purified to 
electrophoretic homogeneity. An extracellular location of LipA and LipB was predicted 
because these enzymes contained putative N-terminal signal sequences of 31 or 28 amino acid 
residues, respectively. Purification of the mature enzymes from bacterial culture supernatants 
and determination of their N-terminal sequences verified this prediction [29]. 
In view of the high homology between LipA and LipB, a model of LipB could be built with 
confidence. The residues in the core of the LipB molecule are almost identical with those of 
LipA. Two substitutions occur, which only slightly affect the volume of the side chain (Val96 
of LipA into Ile97 in LipB, and Met8 of LipA into Leu9 in LipB). These substitutions are 
therefore not likely to affect the 3D structure of LipB to a large extent. The other substitutions 
are at the surface of the molecule. The active site of BS LipB consists of residues Ser78, 
Asp134 and His157. In the structural model of LipB these residues are arranged in a catalytic 
triad-like configuration as expected, with Ser78 positioned at the very sharp turn between 
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strand ß5 and helix αC, the so-called nucleophile elbow. The active site is located at the 
bottom of a small cleft between two loops consisting of residues 11 to 16 and 132 to 138. It is 
freely accessible from the solvent, and, in contrast to other (larger) lipases, no lid is present. 
The active sites of LipA and LipB are identical [33]. 
 
Fig. 5 Schematic drawing of the structure of BS lipase LipB. The catalytic triad residues Ser78, 
His157 and Asp134 are labelled with S, H and D, respectively. The N- and C-termini of the enzyme 
are indicated [35] 
Eggert et al. performed specific enzyme activities of LipA and LipB with various lipase and 
esterase substrates. The catalytic profiles of both BS enzymes were determined with TAG and 
p-nitrophenyl-ester substrates with varying sizes of the fatty acid site chains (Tab. 2). TAG 
with short chain fatty acids (≤ C12) were preferentially hydrolyzed with maximum activity 
towards the C8 substrate tricaprylin (C8:0). LipA showed higher specific activities than LipB 
towards substrates with longer chain lengths, namely tricaprylin (C10:0), trilaurin (C12:0), 
and triolein (C18:1). The specific activity profiles determined with p-nitrophenyl-ester 
substrates were comparable with LipA and LipB. Both enzymes were active against all esters 
tested with fatty acid chain lengths from C6 to C18 with maximum activities against the esters 
of fatty acid chain lengths C8 and C14. The absolute specific activities of LipB were always 
higher than those of LipA. LipB does not hydrolyze the typical lipase substrates such as 
triolein (C18:1) or a TAG isolated from tung oil (C18:3) or a naturally fluorescent TAG 
extracted from seeds kernels of Parinari glaberrium (C18:4) suggesting to classify LipB as an 
esterase rather than a lipase. The highest specific activities of LipA and LipB were performed 
using short chain vinyl-esters vinyl-propionate and -butyrate. No activities were found against 
various phospholipase substrates [29]. 
 
17 
 
Tab. 2 Specific activities of BS LipA and LipB towards various substrates [29] 
 
 
2.2.2 Optimal conditions for production of lipolytic enzymes 
Bacterial lipases are usually produced by submerged fermentation but solid state 
fermentation is also possible. Generally the lipase production is organism specific and it is 
released during the late logarithmic or stationary phase [34]. The lipases are mostly 
extracellular and are greatly influenced by nutritional and physico-chemical factors, such as 
temperature, pH, nitrogen and carbon sources, presence of lipids, inorganic salts, agitation, 
and dissolved oxygen concentration [4]. Boekema et al. have reported the production of 
extracellular lipase as a consequence of secretion of accumulated intracellular lipase by 
membrane-bound chaperons. Bacteria secrete lipase to the external medium through different 
types of secretory systems. Bacterial strains which produce only intracellular lipase can grow 
only on glycerol and simple lipids but not on long chain triglycerides. For instance, B. clausii 
produces only intracellular lipase [30]. 
The major factor for the expression of lipase activity has always been carbon, since lipases 
are by and large inducible enzymes and are thus generally produced in the presence of a lipid 
source such as oil or any other inducer, such as triacylglycerols, fatty acids, hydrolysable 
esters, tweens, bile salts, and glycerol. However, their production is significantly influenced 
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by other carbon sources, such as sugars, sugar alcohol, polysaccharides, whey, and other 
complex sources. Certain long-chain fatty acids, such as oleic, linoleic and linolenic acids, are 
known to support lipase production from various bacteria. Generally, organic nitrogen is 
preferred, for example peptone and yeast extract used as nitrogen source for lipase production 
by various Bacillus sp. [4]. 
The initial pH of the growth medium is important for lipase production. Mostly, bacteria 
prefer pH around 7 for the best growth and lipase production, such as in the case of Bacillus 
sp., maximum activity at higher pH (>7) has been observed in many cases [4].  
The optimum temperature for lipase production corresponds with the growth temperature of 
the respective microorganism. It has been observed that, in general, lipases are produced in 
the temperature range 20 – 45°C. Incubation periods ranging from few hours to several days 
have been found to be best suited for maximum lipase production by bacteria [4]. Industrial 
application of lipases and esterases are limited by their thermostability at high temperatures 
and pH stability in operating industrial conditions. Therefore, searching for the thermostable 
enzymes is of a great interest [24]. 
Metal ions enhance the catalytic activity of enzymes and also confer their thermostability. 
Many enzymes require the presence of metal ions for the maintenance of their active 
structures. Different lipases show different response to these metal ions. The commonly 
studied metal ions are Ca2+, Mg2+, Na+, Cu2+, Fe2+, Mn2+, and Zn2+ [30]. Cofactors are 
generally not required for lipase activity, but divalent cations such as Ca2+ often stimulate 
enzyme activity. The production of calcium-stimulated lipases has been reported in the case 
of BS 168, B. thermoleovorans ID-1 [4].  
Aeration has a variable effect on lipase produced by different organisms. The degree of 
aeration appears to be critical in some cases since shallow layer cultures (moderate aeration) 
produced much more lipase than shake cultures (high aeration) [34]. Many lipases are active 
in organic solvents where they catalyze a number of useful reactions including esterification, 
synthesis of biopolymers, and production of biodiesel. The sensitivity of lipases to solvents 
varies depending on their polarity with polar solvents being more destabilizing than non-polar 
solvents. The stability and activity of lipases is usually tested in presence of organic solvents 
like isopropanol, methanol, ethanol, acetone, glycerol, n-hexane etc. [4].  
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2.3 Methods for detection and characterisation of enzymes 
2.3.1 Detection of lipolytic activity 
A various methods for measuring lipolytic activity have been reported. These methods 
differ in the process used for substrate solubilisation, in the activity marker employed, and in 
the detection system. Most of them are not suitable for non-purified samples or for a large 
number of assays because they are expensive or time-consuming [37]. 
Lipase activity in bacterial culture supernatants is determined by hydrolysis of  
p-nitrophenyl esters of fatty acids with various chain lengths (NC-10). The hydrolysis of 
carboxylic esters of n-naphthol, p-nitrophenol or 2,4-dinitrophenol leads to the release of 
alcohols that can be monitored continuously and quantitatively using a spectrophotometric 
method. The appearance of the yellowcoloured p-nitrophenol (pKa 7.15) can be monitored by 
fading the absorbance at 405 nm or 410 nm. Enzyme activity is expressed in µmoles of  
p-nitrophenol released per minute. p-nitrophenyl derivatives of fatty acids (generally lauric or 
palmitic acids) have been popular, among them p-nitrophenyl laurate (pNPL) appears to be 
stable at elevated temperatures. Results obtained using pNPL correlated well with those 
obtained titrimetrically [38]. 
2.3.2 Characterisation of enzymes by proteomic analysis 
Proteomics is the systematic analysis of the proteins expressed by a cell or tissue, and mass 
spectrometry is its essential analytical tool. A core component of proteomics is the ability to 
systematically identify and determine the specific properties of each protein [39]. The word 
“proteome” is derived from proteins expressed by a genome, and it refers to all the proteins 
produced by an organism, much like the genome is the entire set of genes. Proteomics can be 
used to help define the functions interrelationships of proteins in an organism. The basic 
experiments to achieve this aim are commonly practiced in biochemistry and molecular 
biology [40]. Proteomics can visualize cellular events never seen before in such detail with a 
high impact on understanding bacterial physiology such as the responses of bacterial cells to 
stress and starvation [41]. 
2.3.2.1 Peptide mass fingerprinting 
Protein identification by mass spectrometry (MS) can be performed using sequence-specific 
peptide fragmentation or peptide mass fingerprinting (PMF), also known as peptide mass 
mapping. The standard approach to identify proteins includes separation of proteins by gel 
electrophoresis or liquid chromatography. Subsequently, the proteins are cleaved with 
sequence-specific endoproteases, most notably trypsin. Following digestion, the generated 
peptides are investigated by determination of molecular masses or generation of peptide 
fragments. For protein identification, the experimentally obtained masses are compared with 
the theoretical peptide masses of proteins stored in databases by means of mass search 
programs [40]. 
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Fig. 6 Common procedures to identify proteins by mass spectrometry [40] 
 
2.3.2.2 SDS-PAGE 
SDS-PAGE is a widely used an electrophoretic technique because it can separate all types 
of proteins, including those that are normally insoluble in water, and because the method 
separates polypeptides by size, it provides information about the molecular weight and the 
subunit composition of proteins [42]. It is usually used for analytical purposes, but may be a 
preparative technique to partially purify molecules before applying other techniques, mainly 
mass spectroscopy to perform proteome analysis [43]. 
Proteins usually possess a net positive or negative charge, depending on the mixture of 
charged amino acids they contain. An electric field applied to a solution containing a protein 
molecule causes the protein to migrate at a rate that depends on its net charge and on its size 
and shape. The most popular application of this ability is sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) [42]. 
 
 
 
Fig. 7 Scheme of SDS 
SDS is a strong protein-dissociating detergent that breaks disulfide bonds. Each protein 
molecule binds large numbers of the negatively charged detergent molecules, which mask the 
protein’s intrinsic charge and cause it to migrate toward the positive electrode when a voltage 
is applied. In addition, denaturation makes them lose their tertiary structure and therefore 
migration velocity is proportional to the size and not to tertiary structure [42][43]. The major 
proteins are readily detected by staining the proteins in the gel with a dye such as Coomassie 
blue. Even minor proteins are seen in gels treated with a silver or gold stain, so that as little as 
10 ng of protein can be detected in a band [42]. 
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Fig. 8 Scheme of SDS-PAGE [44] 
 
2.3.2.3 IEF-PAGE 
Isoelectric focusing (IEF) is a high-resolution electrophoretic method in which amphoteric 
molecules such as amino acids and proteins are separated in an environment where there is a 
difference of potential and pH gradient. Under these conditions proteins migrate according to 
their charges until they reach the pH values at which they have no net charge (i.e. their 
isoelectric points, pI). The region of the anode is acidic and the cathode is alkaline. The 
proteins will attain a steady state of zero migration and will be concentrated or focused into 
very narrow zones [43][45]. 
Proteins show considerable variation in isoelectric points, but pI values usually fall in the 
range of pH 3 – 12 with a great many having pI values between pH 4 and pH 7. Proteins are 
positively charged in solutions at pH values below their pI and negatively charged above their 
isoelectric points. Thus, at pH values below the pI of a particular protein, it will migrate 
toward the cathode during electrophoresis. At pH values above its pI, a protein will move 
toward the anode. In IEF it is essential to use conditions that minimize molecular sieving 
effects, which necessitates the use of gels of low acrylamide concentration (3±5%). A protein 
at its isoelectric point will not move in an electric field. Protein bands might by also detected 
by staining the proteins in the gel with a dye such as Coomassie blue or silver [43][45]. 
2.3.2.4 Mass spectrometry 
A major advantage of mass spectrometers over other analytical instruments is that it affords 
a high degree of accuracy (~0.01 – 0.001%) and sensitivity (detection of 10-9 – 10-18 mol of 
sample required) when determining the molecular weight of biological compounds. A mass 
spectrometer is an instrument that produces ions from a sample, separates them according to 
their mass-to-charge ratio (m/z) and records the relative abundance of each of the ions to 
obtain a mass spectrum. The mass spectrometer may be broken down into three principal 
components; the ion source, mass analyser and the detector. The characterisation and 
quantification of proteins has been greatly enhanced by the development of two critical 'soft 
ionisation' technologies namely electrospray ionization mass spectrometry (ESI-MS) and 
matrix-assisted laser desorption ionization time of flight mass spectrometry (MALDI-TOF 
MS)[46]. MALDI-TOF MS has been successfully used for microbial identification purposes 
and has emerged as a rapid method for the characterisation of bacteria at the genus, species 
and strain level. MALDI-TOF MS has also proven to be a fast and cost-effective technique 
for bacterial species differentiation [8]. Although PMF is an effective tool for the 
identification of relatively pure proteins, it often fails to identify protein mixtures. However, it 
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is fast, robust, easy to perform, sensitive, accurate, tolerant to a certain level of various 
contaminants, and can be automated [40]. There are a number of different matrixes that might 
be used in MALDI-MS. Typically for protein analysis 3,5-dimethoxy-4-hydroxycinnamic 
acid (sinapinic acid) is the standard matrix used whilst α-cyano-4-hydroxycinnamic acid 
(CHCA) is often used when analysing peptides. Sample and matrix are both spotted onto a 
metal target plate which is then inserted into a high vacuum source region within the mass 
spectrometer. The target plate is subjected to laser bombardment and sample molecules are 
vaporised along with the matrix molecules [46]. 
 
 
Fig. 9 Simplified representation of the process of MALDI [47] 
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2.4 Bacterial Biofilm 
Most bacteria are able to grow adhered to almost every surface or interface, forming 
architecturally complex communities which have been termed biofilms. In biofilms, cells 
grow in multicellular aggregates that are bind in an extracellular matrix produced by the 
bacteria themselves [48]. A hallmark of biofilm formation is the excretion of a polymeric 
matrix in the extracellular space that holds the cells together. The matrix typically consists of 
exopolysaccharides (EPS), proteins and sometimes nucleic acid. The mechanisms controlling 
the production of the matrix differ markedly from bacterium to bacterium [49][50]. Biofilm 
development is not simply a passive aggregation of cells. The biological ecology dynamics 
involve physical, chemical, and biological interactions with the microenvironment [51]. 
Bacteria seem to initiate biofilm formation in response to specific environmental impact, such 
as nutrient and oxygen availability [52]. 
 One of the most remarkable aspects of bacterial biofilm formation is the increased 
resistance of the cells to diverse stress factors such as nutrient deprivation, pH changes, 
oxygen radicals, disinfectants, and antibiotics. Bacterial cells within biofilms can withstand 
these stressful conditions because the EPS neutralize or bind antimicrobial agents [51][53]. 
The biofilm lifestyle affords bacteria a 10- to 1,000-fold increase in antibiotic resistance 
compared to their planktonic counterparts [53]. 
Biofilms are found most places where bacteria can form colonies, on a wide range of 
biological and non-biological surfaces such as water piping, boat hulls, natural aquatic 
systems, plant surfaces, tooth enamel, implanted medical devices and living tissue [54]. 
Typical example of a biofilm on a human tissue is dental plaque, which consists of a 
community of microorganisms that initially attach to tooth surfaces. If left undisturbed, their 
products can penetrate the tooth enamel, causing cavities, and eventually progress to soft 
tissue disease such as periodontitis [55]. 
BS is an industrially important bacterium exhibiting developmental stages. It forms rough 
biofilms at the air-liquid interface rather than on the surface of a solid phase in a liquid. 
Biofilm formation by BS and related species permits the control of infection caused by plant 
pathogens, the reduction of mild steel corrosion, and the exploration of novel compounds. 
Although it is obviously important to control harmful biofilm formation, the exploitation of 
beneficial biofilms formed by such industrial bacteria may lead to a new biotechnology [52]. 
2.4.1 Biofilm Formation 
Biofilm formation is a developmental process in which bacteria undergo a regulated 
lifestyle switch from a nomadic unicellular state to a sedentary multicellular state where 
subsequent growth results in structured communities and cellular differentiation. The 
construction of a hypothetical developmental model for biofilm formation can be generalized 
for many different bacterial species. There are two models that classified biofilms formation 
based on unicellular lifestyle: non-motile and motile [56]. 
The formation of a mature biofilm occurs in several stages, starting from the attachment of 
a single cell called planktonic bacteria to a solid substrate. When cells commit to the surface 
strongly, a protein- and sugar-rich polymeric extracellular matrix is secreted in the 
extracellular space and holds the community together [49][55]. 
At the same time, flagella are down regulated, and most cells lose their individual motility. 
For the BS, the loss of flagella-mediated motility is genetically coupled to the production of 
extracellular matrix [49].  
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As the community matures, partly by cell to cell communication (signalling), parts of the 
biofilm can disperse, migrate, or the community can continue to develop into a heterogeneous 
population of cells that are metabolically, physiologically and genetically distinct from one 
another. If appropriate attachment reservoirs are available downstream from the dispersion 
event, the entire cycle can start over again [55]. 
 
 
Fig. 10 Depiction of the dynamic nature of a biofilm community [55] 
Understanding the mechanisms of biofilm formation is clearly important for exploring 
effective strategies to control harmful biofilm formation and promote beneficial biofilm 
formation. Because there are strict requirements to control biofilm formation by pathogenic 
bacteria, much of the research has been performed using clinically relevant bacteria. These 
bacteria include Escherichia coli, Pseudomonas aeruginosa, Vibrio cholerae, Streptococcus 
sp., Staphylococcus sp., and Candida sp. [52]. BS is studied as a model organism for biofilm 
formation. Different BS strains are able to secrete two distinct polymers: the polysaccharide 
EPS and poly-δ-glutamate (PGA). Both of these molecules have been described to participate 
in the process of biofilm formation. Yet, they contribute differently depending on the strain 
and conditions studied [48]. 
2.4.2 Quorum sensing 
Bacteria have developed a regulatory mechanism by which they can act en masse to 
collectively express a specific set of genes; this process has been termed quorum sensing 
(QS). QS bacteria produce and release chemical signal molecules termed autoinducers whose 
external concentration increases as a function of increasing cell-population density. Bacteria 
detect the accumulation of a minimal threshold stimulatory concentration of these 
autoinducers and alter gene expression, and therefore behaviour, in response. Using these 
signal-response systems, bacteria synchronize particular behaviours on a population-wide 
scale and thus function as multicellular organisms. Three major types of autoinducers have 
been identified: acylated homoserine lactones in gram-negative bacteria, autoinducing 
peptides in gram-positive and autoinducer-2 molecules in both gram-positive and gram-
negative bacteria. The triggering of QS systems has been shown to be responsible for a 
variety of physiological behaviour in the bacteria such as bioluminescence, production of 
antibiotics, release of virulence factors and biofilm formation [54]. One of the first described 
QS system is that of the bioluminescent marine bacterium Vibrio fischeri [54][57]. 
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2.4.3 Biodegradable polymers 
Biodegradable polymers especially polyesters play a significant role as materials for 
contemporary biology and medicine application. They have found a lot of applications as 
controlled-release reservoirs, surgical implants, tissue engineering, sutures, packing materials, 
etc. Understanding of the main factors crucial for biodegradation of synthetic polymers 
including the relationship between the material structure and degradability is a matter of great 
interest [3].  
2.4.3.1 Classification of biodegradable polymers  
Biodegradable polymers or biodegradable plastics are capable of being decomposed into 
carbon dioxide (aerobic conditions), methane (anaerobic environment), water, inorganic 
compounds, or biomass by the predominant action of enzymes and microorganisms [66]. 
Depending on their synthesis process, different classifications of various biodegradable 
polymers have been proposed. Biodegradable polymers can be classified into following 
categories (Fig. 11): (i) polymers from biomass such as agro-polymers from agro-resources 
(starch, cellulose), (ii) polymers produced by microorganisms or by genetically transformed 
bacteria (polyhydroxyalkanoates), (iii) polymers conventionally and chemically prepared 
from monomers obtained from agro-resources (polylactic acid) and (iv) non-renewable 
petrochemical-based polymers, which have certain degrees of biodegradability. The first three 
categories are obtained from renewable resources [60][66]. 
However, simpler classification of these biodegradable polymers into two main categories 
of the agro-polymers (category i) and the biodegradable polyesters (categories ii–iv) could be 
also used [60][66]. 
 
 
Fig. 11 Classification of the main biodegradable polymers [60] 
Polyesters possess interesting material features such as controllable biodegradability, low 
toxicity, and are relatively ease synthesized [3]. 
Polyesters undergo both water hydrolysis and hydrolytic scission catalyzed by base, acid, 
or enzymes. The hydrolysis of polyesters has mechanistic similarities to the degradation of 
other biologically used polymers, such as the degradation of polyanhydrides [3]. 
Most of the synthetic polyesters are hydrophobic and water-insoluble. So, an additional 
variable is introduced into the mechanism of ester bonds hydrolysis, which is the diffusion of 
water into the polymer matrix. Generally, water diffusion to the matrix depends on several 
factors such as the hydrophobicity/hydrophilicity of the polymer, the crystallinity of the 
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polymer, and the dimension of the polymer sample [3][67]. The hydrolytic degradation is 
auto-catalyzed by formed carboxylic groups.  
It is widely accepted that water-insoluble polymers degrade by two different hydrolysis 
mechanisms; via bulk or surface degradation pathways/erosion (Fig.12). The diffusion-
reaction phenomenon determines the means by which this degradation pathway proceeds, 
either bulk or surface pathway/erosion [68]. 
 
• Bulk degradation pathway 
Bulk degradation pathway/erosion indicates that the polymer is hydrolyzed throughout the 
entire matrix at the same time and implies that the penetration of water into the matrix is 
faster than the rate of the hydrolysis reaction. Thus the rate of degradation of these polymers 
depends on the extent of water accessibility to the matrix rather than the intrinsic rate of ester 
cleavage [3][67]. 
 
• Surface degradation pathway (erosion) 
Surface degradation (erosion) involves the hydrolytic cleavage of the polymer chains only 
at the surface of the specimen, similarly to peeling layers of an onion [58]. Surface erosion 
implies that the rate of water diffusion into the matrix is slower than the rate of hydrolysis. In 
general, surface erosion is preferred over bulk erosion for drug delivery vehicles [3].  
The advantage of surface degradation is the predictability of the process. 
It is worth noting that strictly surface and bulk degradation are ideal cases to which most 
polymers cannot be unequivocally assigned [68]. 
 
 
Fig. 12 Degradation modes for degradable polymers: Surface erosion (a); Bulk degradation (b); 
Bulk degradation with autocatalysis (c) [58] 
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2.4.3.2 Effects of Crystallinity on Polyester Degradation 
The initial degree of crystallinity of polymer is a crucial factor affecting its 
biodegradability, since enzymes mainly attack the amorphous domains of a polymer. The 
macromolecules in the amorphous region are loosely packed, and thus make it more 
susceptible to degradation than chains located in crystalline part of the polymers [69]. 
Besides the interaction of enzymes with flexible polymer chains abiotic hydrolysis 
synergically contributes to degradation process. Hoglund et al. compared the abiotic 
hydrolysis degradation profile of semicrystalline solution-cast PCL films with that of 
amorphous cross-linked PCL networks. After 364 days of aging in phosphate-buffered saline 
(PBS) at pH 7.4, the amorphous cross-linked PCL networks displayed significantly greater 
weight loss and released over twice as much of their monomer units, in comparison to the 
crystalline solution-cast films [70]. 
Although crystallinity plays a significant role in controlling the rate of enzymatic 
degradation, enzyme source and polymer structure and stereochemistry are also important 
factors. Gan et al. demonstrated that PCL films were rapidly hydrolyzed during incubation in 
a PBS solution containing Pseudomonas lipase, but were not degraded by porcine pancreatic 
or Candida cylindracea lipase. Subsequent studies performed on PCL disks confirmed that 
Pseudomonas lipase and cholesterol esterase accelerate the degradation of higher molecular 
PCL chains [71]. 
2.4.3.3 Enzymatic catalysis of polyesters degradation 
The enzyme-catalyzed hydrolysis of polymeric biomaterials is a heterogeneous process 
which is affected by the mode of interaction between the enzymes and the polymeric chains 
and involves typically four steps: (i) diffusion of the enzyme from the bulk solution to the 
solid surface, (ii) adsorption of the enzyme on the substrate, resulting in the formation of the 
enzyme–substrate complex, (iii) catalysis of the hydrolysis reaction, and (iv) diffusion of the 
soluble degradation products from the solid substrate to the solution. The rate of the global 
reaction is controlled by the slowest step. The adsorption and rate of hydrolysis reaction is 
affected by the physicochemical properties of the substrate (molecular weight, chemical 
composition, crystallinity, surface area) and also by the inherent characteristics of a specific 
enzyme (activity, stability, local concentration, amino acid composition, and 3D 
conformation) [2]. 
2.4.3.4 Microbial degradation of polyesters 
Microbial degradation is considered as a type of degradation involving biological activity; 
hence the primary degradation mechanism is through the action of microorganisms. The most 
important organisms involved in biodegradation are bacteria and fungus. In the case of 
synthetic polymers, microbial utilization of monomeric molecules, forming building blocks of 
polymer chains, as a carbon source is required [72]. 
The degradation rate of PCL is dependent on its initial molecular weight and degree of 
crystallinity. Microbial degradation of PCL by Aspergillus flavus and Penicillium funiculosum 
takes place faster in the amorphous region of PCL matrix. The biodegradability of PCL can be 
increased by copolymerization with aliphatic polyesters. In general, copolymers have lower 
crystallinity and lower Tm than homopolymers, and are thus more susceptible to degradation. 
Further, it has been reported that 39 bacterial strains of the classes Firmicutes and 
Proteobacteria can degrade poly(hydroxybutyrate), (PHB), PCL, and poly(butylenesuccinate) 
(PBS), but not PLA. Only a few PLA degrading microorganisms have been isolated and 
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identified [3]. Although it has been confirmed that PCL-degrading microorganisms are wide-
spread in the ecosystem, relatively little is known about the biotic degradation of high-
molecular weight PCL in the presence of a single bacterium or fungus [73]. 
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2.5 Poly(ε-caprolactone)-biodegradable polymer 
Poly(ε-caprolactone) (PCL) is a semi-crystalline (up to 50 % crystalline portion) synthetic 
polyester which biodegradability rate tending to decrease with increasing molecular weight 
[58]. The aliphatic PCL chains are formed by repeating sequences of five methylene units 
bonded by ester linkages. These ester bonds are prone to hydrolysis catalyzed by enzymes 
which are produced by microorganism ubiquitous in the environment [1]. 
 
 
Fig. 13 Monomeric unit of poly(ε-caprolactone) 
PCL has a glass transition temperature (Tg) of −60 °C and relatively low melting point 
ranging between 59 and 64 °C. PCL is easily processable at relatively low temperatures due to 
its semicrystalline character [59]. The number-average molecular weight of PCL samples may 
generally vary from 3 000 to 80 000 g/mol [58]. 
PCL has a highly hydrophobic character and it is soluble in chloroform, dichloromethane, 
carbon tetrachloride, benzene, toluene, cyclohexanone and 2-nitropropane at room 
temperature. It has a low solubility in acetone, 2-butanone, ethyl acetate, dimethylformamide 
and acetonitrile and is insoluble in alcohol, petroleum ether and diethyl ether [58]. PCL is 
extraordinary blend-compatible with a range of other materials due to its good solubility of 
PCL and its low melting point. Blends of PCL and other biodegradable polymer usually have 
better properties such as stress crack resistance, dye-ability and adhesion. PCL can be blended 
with polymers such as cellulose propionate, cellulose acetate butyrate, polylactic acid and 
polylactic acidcoglycolic acid for governing the rate of drug release from microcapsules [58].  
PCL was one of the earliest polymers synthesized in the early 1930s. It is usually prepared 
by the ring-opening polymerization (ROP) of the cyclic monomer ε-caprolactone (CL) in the 
presence of metal alkoxides [58][60]. The ring-opening polymerization takes place by 
anionic, cationic, coordination, and also radical mechanism. Each method affects the resulting 
molecular weight, molecular weight distribution, end group fidelity of homopolymer and 
chemical structure of the copolymers [58]. 
Two different ways have been recently developed to produce CL monomer, (i) is the 
synthesis from cyclohexanone by using a peroxycarboxilic acid in acetone at 40 °C (Fig. 14) 
and (ii) the second more environmentally friendly pathway, requires hydrogen peroxide as 
oxidizer and zeolite/tin catalysis which looks very promising since the waste product is water 
and the tin-impregnated zeolite is an ecologically friendly catalyst. As far as industrial 
polymerization of CL is concerned, it is most often catalysed with tin(bis-2-ethyl hexanoate) 
(stannous octoate, Sn(Oct)2) in the presence of a higher alcohol as an initiator (Fig. 15) [59]. 
 
 
Fig. 14 Schematic synthesis of CL [59] 
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Fig. 15 Industrial pathway to high molecular weight PCL [59] 
2.5.1 Composites with PCL matrix 
The composites with PCL matrix and reinforcement materials on the base of starch, clay, 
and carbon nanotubes, has recently attracted significant attention related to their excellent 
physical, mechanical, electrical properties such as  high conductivity, catalytic activity, gas 
sensitivity, etc.[61]. 
PCL was approved by Food and Drug Administration as a biodegradable polymer. It is 
regarded as a soft- and hard-tissue-compatible bioresorbable material. However, its properties 
such as poor hydrophilicity and low degradation rate limit its use in tissue engineering. PCL 
composites containing different biopolymers or nanoparticles were utilized to produce PCL-
nanofibrous scaffolds. The hydrophilicity and biological responses of PCL have been 
significantly improved by a combination with biologically originated polymers, such as 
gelatine, collagen or chitosan [62]. 
The discovery of graphene with its combination of unique physical properties and ability to 
be dispersed in various polymer matrices has created a new class of polymer nanocomposites 
[63]. The addition of electrically conducting filler, such as graphene, into the polymer matrix 
brings a number of further possible applications [64]. 
2.5.1.1 Grapehene oxide – filler for PCL 
Graphene oxide (GO) is an atomically thick single layer two-dimensional graphitic carbon 
material packed in a honeycomb crystal structure, with promising mechanical, electrical, 
optical, thermal and magnetic properties. It has also been proved to be biocompatible with 
beneficial effect in the growth of cells. Moreover, GO sheets contain a range of reactive 
oxygen functional groups that facilitate their application in bioengineering. The most 
important properties of GO are low production costs, large surface area, good colloidal 
behaviour. The solubility of GO in solvents, especially water, is important for applications in 
bioengineering. A few methods are currently available to synthesize GO, and among them, a 
modified Hummers method is the most popular chemical approach [64][65]. 
Recent studies have shown that GO is non-cytotoxic towards mammalian cells.  On the 
other hand the antimicrobial effect of GO is contradictory discussed by some research groups. 
Actually, there is no clear reason for which an inert carbon material such as GO could be 
beneficial to mammalian cell growth and detrimental to bacteria, which are usually less 
susceptible to biotic and abiotic factors than mammalian cells. It is possible that contaminants 
retained from the GO preparation or underestimations of GO concentrations might be 
responsible for some of the harmful effects on bacteria growth. Further research will show 
more about possible effect on mammalian or bacterial cell [65]. 
  
31 
 
3 EXPERIMENTAL PART 
3.1 Materials and equipment 
3.1.1 The reagents 
- Acetic acid CH3COOH- Lachema, Czech Republic 
- Acetonitril CH3CN - Merck, Germany 
- Acrylamide - C3H5NO - LachNer, Czech Republic 
- Ammonium bicarbonate NH4HCO3 - Lachema, Czech Republic 
- Ammonium persulfate (NH4)2S2O8 - Serva, Germany 
- Amonium sufate (NH4)2SO4 - ML chemical, Czech Republic 
- Ampholyte pH 2 – 11- SERVA Electrophoresis, Germany 
- Aspartic acid C4H7NO4 - Lachema, Czech Republic 
- bis-Acrylamide C7H10N2O2 - Sigma Aldrich, Germany 
- Bovine serum albumin (BSA) - Sigma Aldrich Germany 
- Casein – Merck, Germany 
- Citric Acid monohydrate C6H8O7· H2O - LachNer, Czech Republic 
- Commasie Brilliant Blue G-250 - Serva, Germany 
- Copper (II) sulphate pentahydrate CuSO4·5 H2O - LachNer, Czech Republic 
- D-glucose C6H12O6 - Lachema, Czech Republic 
- Disodium phosphate dodecahydrate Na2HPO4·12H2O - Lachema, Czech Republic 
- Distilled water H2O - BUT Faculty of Chemistry, Czech Republic 
- Dithiothreitol C4H10O2S2 - Sigma Aldrich, Germany 
- Ethanol C2H5OH - Merci, Czech Republic 
- Ethylenediamine C2H4(NH2)2 - Sigma Aldrich, Germany 
- Folin-Ciocault Reagent - Czech Republic 
- Formic acid HCOOH - Merck, Germany 
- Glycerol C3H8O3 – Merck, Germany 
- Glycine C2H5NO2 LachNer, Czech Republic 
- Iodoacetamide ICH2CONH2 - Sigma Aldrich Germany 
- L-Tyrosine C9H11NO3 - Sigma Aldrich, Germany 
- Methanol CH3OH - Merck, Germany 
- Peptone - Himedia Laboratories Limited 
- p-Nitrophenol C6H5NO3 - LachNer, Neratovice, Czech Republic 
- p-Nitrophenyl laurate C18H27NO4 - Fluka Chemische Fabrik, Germany 
- Poly(ε-caprolactone) - Sigma Aldrich, Mn = 10 kDa, Ð = 1.4 
- Polycaprolactone (C6H10O2)n - Sigma Aldrich, Germany 
- Potassium dihydrogen phosphate KH2PO4 - Lach Ner, Czech Republic 
- Sodium Azide p.a., LachNer, Neratovice 
- Sodium carbonate Na2CO3 - Lachema, Czech Republic 
- Sodium chloride NaCl - LachNer, Czech Republic 
- Sodium dodecyl sulphate CH3(CH2)11OSO3Na - Serva, Germany 
- Sodium hydroxide NaOH - LachNer, Czech Republic 
- Sodium potassium tartrate tetrahydrate C4H4O6KNa·4 H2O-LachNer, Czech 
Republic 
- Tetramethylethylendiamine (CH3)2NCH2CH2N(CH3)2 - Lachema, Czech Republic 
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- Trichloroacetic acid CCl3COOH - LachNer, Czech Republic 
- Trifluoroacetic acid CF3COOH - LachNer, Czech Republic 
- Tris-hydroxymethyl aminomethane C4H11NO3 - Penta, Czech Republic 
- Trypsin - Roche Diagnostic, Germany 
- Yeast extract - HiMedia Laboratories Limited, India 
- α-CHCA Matrix C10H7NO3 - LaserBio Labs 
3.1.2 Biological material 
• Bacillus subtilis CCM 1999, culture was from the Czech Collection of Microorganisms 
(CCM), Masaryk University Brno, Faculty of Science, Czech Republic. 
• Pichia fermentans CCY 39-4-2, Yeast cultures Collection, SAV, Slovakia. 
• Aspergillus niger CCM-F 8189, culture was from the Czech Collection of 
Microorganisms (CCM), Masaryk University Brno, Faculty of Science, Czech 
Republic. 
3.1.3 Culture media 
• NBG (Nutrient Broth + Glucose): 
Peptone 30 g/L 
Yeast extract 10 g/L 
Sodium chloride 5 g/L 
D-glucose 20 g/L 
 
• NB (Nutrient Broth): 
Peptone 30 g/L 
Yeast extract 10 g/L 
Sodium chloride 5 g/L 
 
• MS+YE (Mineral solution + Yeast Extract): 
KH2PO4 0.70 g/L 
K2HPO4 0.70 g/L 
MgSO4·7H2O 0.70 g/L 
NH4NO3 1.00 g/L 
NaCl 0.005 g/L 
FeSO4·7H2O 0.002 g/L 
ZnSO4·7H2O 0.002 g/L 
MnSO4·7H2O 0.001 g/L 
Yeast Extract 10 g/L 
 
• MPA (Meet-Peptone Agar) - Himedia Laboratories Limited 
• WA(Wort Agar) - brewery Starobrno 
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3.1.4 Instrumentation 
- Analytical Balance; AND GR-202-EC, Japan  
- Autoclave; Vaspoteri – Brněnská medicínská technika, Czech Republic 
- Automatic pipettes; Hirschmann, Biohit Proline 
- Centrifuge; Eppendorf Concentrator 5301, Hamburg, Germany  
- CLSM; Olympus Corporation, LEXT OLS 3000, Japan 
- Desiccator; Simax, Czech Republic 
- Flow-oven; Memmert, Germany 
- Fridge; Samsung, South Korea 
- Incubator; Heidolph - Germany 
- Isoelectric Focusing Electrophoresis Unit; Scie-Plas, UK 
- Laboratory Balance; Scaltec, USA 
- Laminar box AURA mini;  Biotech, Czech Republic 
- LC; Pharmacia Fine Chemicals, Sweden 
- Lyofilisateour; Pragolab, Czech Republic 
- MALDI-TOF/TOF mass spectrometer; The New ultrafleXtreme Bruker, Germany 
- McFarland densitometer DEN-1B; Biosan, Latva 
- Mini-Protean 3 Electrophoresis System; Bio-Rad Laboratories, Germany 
- Mini-Shaker Sunflower 3D; Biosan, Latvia 
- pH meter; inoLab pH 720, Merci, Czech Republic 
- Spectrophotometer;  UV/VIS HELIOS DELTA - Thermospectronic, UK 
- SpeedVac SC100; Savant, USA 
- Thermostat; Huber, Germany 
- Thermostat; LTE SCIENTIFIC LTD, UK 
- Vortex; Heidolph, REAX top, Germany  
- Water Bath; polysty cc1, Merci, Czech Republic 
3.1.5 Solutions and their preparation 
3.1.5.1 Buffers 
• Citric-phosphate buffer pH 5 consists of 24.3 mL of citric acid (2.101 g of citric acid 
dissolved in  100 mL of distilled water) was mixed with 25.7 mL of water solution of 
Na2HPO4·12H2O (14.328 g of Na2HPO4·12H2O dissolved in 200  mL of distilled 
water). Final pH was adjusted by solution of NaOH. 
• Citric-phosphate buffer pH 6 consists of 17.9 mL of citric acid (2.101 g of citric acid 
dissolved in  100 mL of distilled water) was mixed with 32.1 mL of water solution of 
Na2HPO4·12H2O (14.328 g of Na2HPO4·12H2O dissolved in  200 mL of distilled 
water). Final pH was adjusted by solution of NaOH. 
• Citric-phosphate buffer pH 6.5 consists of 15.4 mL of citric acid (2.101 g of citric acid 
dissolved in  100 mL of distilled water) was mixed with 34.6 mL of water solution of 
Na2HPO4·12H2O (14.328 g of Na2HPO4·12H2O dissolved in  200 mL of distilled 
water). Final pH was adjusted by solution of NaOH. 
• Phosphate buffer pH 7.2 consists of 1.431 g of Na2HPO4·12H2O and 0.549 g of 
KH2PO4 were dissolved in 240 mL of distilled water, pH was adjusted to 7.2 by solution 
of NaOH. 
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• Phosphate buffer pH 8 consists of 50 mL of water solution of tris-hydroxymethyl 
aminomethane (2.42 g of g of tris-hydroxymethyl aminomethane dissolved in 100 mL 
of distilled water) mixed with 26.8 mL of water solution of HCL(1.67 mL of HCL 
in  100 mL of distilled water). Final pH was adjusted by solution of NaOH. 
• Glycine-NaOH buffer pH 9 consists of 50 mL of water solution of glycine (1.50 g of 
glycine dissolved in 100 mL of distilled water) mixed with 8.8 mL of NaOH (1.6 g of 
NaOH dissolved in 200 mL of distilled water). Final pH was adjusted by solution of 
NaOH. 
• Glycine-NaOH buffer pH 10 consists of 50 ml of water solution of glycine (1.5 g of 
glycine dissolved in 100 mL of distilled water) mixed with 32 mL of NaOH (1.6 g of 
NaOH dissolved in 200 mL of distilled water). Final pH was adjusted by solution of 
NaOH. 
3.1.5.2 Solutions for lipolytic activity assay 
• A 50 mM phosphate buffer, pH 7.2, prepared in 2.6.3.1. 
• A 2.5 mM p-nitrophenyl laurate solution, prepared by dissolving 0.02 g of  
p-nitrophenyl laurate in 25 mL of ethanol. 
• A 1 mM p-nitrophenol solution, 13.9 mg of p-nitrophenol was dissolved in 100 mL of 
distilled water. 
• A 0.1 M sodium carbonate, 1.06 g of sodium carbonate was dissolved in 100 mL of 
distilled water. 
3.1.5.3 Solutions for Lowry protein assay 
• Solution of bovine serum albumin (1 mg/mL). 
• Reagent A consists of 2% Na2CO3 (20 g/1000 mL), 0.05%, sodium potassium tartrate x 
4 H20 (0.05 g/1000 mL), 0.1 M NaOH (4 g/1000 mL). 
• Reagent B consists of 0.1% CuSO4·5H2O (1 g/1000 mL). 
• Reagent C consists of 45 mL of solution A + 5 mL solution B (newly diluted in 
proportion 9:1). 
• Reagent D consists of 1 vol Folin-Ciocalteau reagent diluted with 1.6 vols water. 
3.1.5.4 Solutions for protease activity assay 
• A 50 mM potassium phosphate buffer, pH 7.5, prepared by dissolving 11.4 mg/mL of 
potassium phosphate dibasic, trihydrate in purified water and adjusting pH with 1M 
HCl. This solution was placed at 37°C prior to use. 
• A 0.65% weight/volume casein solution, prepared by mixing 6.5 mg/mL of casein in the 
50 mM potassium phosphate buffer. Gradually increased the solution temperature with 
gentle stirring to 80 – 85 °C for about 10 minutes until a homogenous dispersion is 
achieved. It is very important not to boil the solution. The pH is then adjusted if 
necessary with NaOH and HCl. 
• A 110 mM trichloroacetic acid solution, prepared by mixing 17.97 mg/mL of TCA in 
purified water. 
• 0.5 mM Folin-Ciocalteau reagent, which is the solution reacting with tyrosine to 
generate a measurable color change that will be directly related to the activity of 
proteases. 
• A 500 mM sodium carbonate solution, prepared 53 mg/mL of anhydrous sodium 
carbonate in purified water. 
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• An enzyme diluent solution, which consists of 10 mM Sodium Acetate Buffer with 
5mM calcium acetate, pH 7.5, at 37°C. This solution is what we use to dissolve solid 
protease samples or dilute enzyme solutions. 
• 1.1 mM L-tyrosine Standard stock solution. Prepared using 0.2 mg/mL L-tyrosine in 
purified water and heated gently until the tyrosine dissolves. As with the casein, do not 
boil this solution. Allow the L-tyrosine standard to cool to room temperature. This 
solution will be diluted further to make our standard curve. 
3.2 Methods 
3.2.1 Preparation of the microorganism cultivated in a nutrient medium 
3.2.1.1 Recovery of BS from gelatine discs 
The gelatine disc contains BS was removed from a fridge and for about 15 minutes at room 
temperature was relaxed. Subsequently, disc was aseptically transferred on slant agar (MPA) 
by inoculating loop; slant agar contained 0.5 mL of sterile water. The tube was tilted in order 
that the suspension flowed across the surface of the agar. Culture of BS was cultivated for 
2 days at 30 °C in a thermostat. After incubation, re-inoculation on new agar slants was 
proceeding, and cultivation was repeated. 
3.2.1.2 Preparation of inoculum 
For preparation of inoculum, re-inoculated two slant agars were used. Firstly, 0.5 mL of 
sterile distilled water was aseptically added. The culture of BS, transferred to the cultivated 
soil was wiping by inoculating loop on the wall below the liquid level. Then slant agars were 
mixed by vortex and theirs liquid contents were transferred to a sterile Erlenmeyer flask 
containing 100 mL of NBG medium. Thus prepared inoculum was shacked an hour on a 
shaker to mix. Inoculum (600·106 CFU/mL) was used for inoculation of L-tubes and 
degradation tests. 
3.2.2 Determination of standard curves 
3.2.2.1 Determination of standard curve p-nitrophenol 
Solution of 1.0 mM p-nitrophenol (pNP) was used for standard curve. Five tubes with 
rising concentration of pNP were prepared. (Tab. 3) Sixth tube was used as blank. Each tube 
was made in 3 duplicates. Calibration board was prepared from the solution of pNP 
(concentrations of 0.1; 0.2; 0.3; 0.4; 0.5 mM). 1.625 ml of phosphate buffer pH 7.2 was added 
to this solution. The amount of tubes was stirred and incubated for 30 minutes at 37 °C in  
a water bath. Then 0.25 mL of Na2CO3 was added to terminate the reaction. Subsequently, 
absorbance of these solutions was measured at a wavelength of 420 nm. 
 
Tab. 3 Standard curve of pNP 
tube 1 2 3 4 5 blank 
pNP [mL] 0.05 0.1 0.15 0.2 0.25 0.0 
Phosphate buffer [mL] 1.625 1.625 1.625 1.625 1.625 1.625 
Distilled water [mL] 0.2 0.15 0.1 0.05 0.0 0.25 
Na2CO3 [mL] 0.25 0.25 0.25 0.25 0.25 0.25 
n pNP [µmol] 0.1 0.2 0.3 0.4 0.5 0.0 
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Fig. 16 Standard curve of pNP 
3.2.2.2 Determination of standard curve of bovine serum albumin 
Bovine serum albumin (BSA) powder was dissolved in distilled water and diluted to a 
concentration of 1 mg/mL. A calibration series with following volume of BSA (0.1; 0.2; 0.3; 
0.4; 0.5 mL) was prepared by diluting in water according to Tab. 4, made in 3 duplicates. 
Reagent C, volume 2.5 mL was added to reaction mixture. The total volume of reaction 
mixtures was stirred and incubated for 10 minutes in laboratory temperature. Then 0.5 mL of 
reagent D was added to reaction mixture. Subsequently, absorbance of these solutions was 
measured at a wavelength of 750 nm. 
 
Tab. 4 Standard curve of BSA 
tube 1 2 3 4 5 blank 
Albumine [mL] 0.10 0.20 0.30 0.40 0.50 0.00 
Distilled water [mL] 0.90 0.80 0.70 0.60 0.50 1.00 
Reagent C [mL] 5.00 5.00 5.00 5.00 5.00 5.00 
Reagent D [mL] 0.50 0.50 0.50 0.50 0.50 0.50 
Albumine [mg/mL] 0.10 0.20 0.30 0.40 0.50 0.00 
 
 
Fig. 17 Standard curve of BSA 
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3.2.2.3 Determination of standard curve of tyrosine 
Solution of bovine 1.1 mM tyrosine was used for standard curve. To the six tubes was 
added the 1.1 mM tyrosine standard stock solutions with the following volumes in mL: 0.025, 
0.05; 0.10; 0.20; and 0.25, no tyrosine standard was add to the blank. Each tube was made in 
3 duplicates. Once the tyrosine standard solution has been added, an appropriate volume of 
purified water was added to each of the standards to bring the volume to 1 mL (Tab. 5). To all 
of the tubes containing reaction mixture was added 2.50 mL of sodium carbonate. For best 
results, 0.50 mL of Folin-Ciocalteu reagent (F-C) was added immediately afterwards. Each 
tube was stirred and incubated at 37 °C for 30 minutes. The absorbance of the samples is 
measured by a spectrophotometer using a wavelength of 660nm. 
 
Tab. 5 Standard curve of tyrosine 
tube 1 2 3 4 5 blank 
Tyrosine [mL] 0.025 0.05 0.10 0.20 0.25 0.00 
Distilled water [mL] 0.975 0.95 0.90 0.80 0.75 1.00 
Na2CO3 [mL] 2.50 2.50 2.50 2.50 2.50 2.50 
F-C [mL] 0.50 0.50 0.50 0.50 0.50 0.50 
Tyrosine [µmol] 0.055 0.111 0.221 0.442 0.553 0.00 
 
Fig. 18 Standard curve of L-tyrosine 
3.2.3 Determination of residual lipolytic activity 
Residual lipolytic activity was estimated by using a colorimetric assay system with  
p-nitrophenyl laureate (pNPL) dissolved in ethanol as a substrate. Samples absorbance was 
measured at 420 nm by using spectrophotometer (UV/VIS HELIOS DELTA – 
Thermospectronic, United Kingdom) after 4, 7, 14, 21 days. One unit of activity is the amount 
of enzyme which released one µmol of pNP per minute under the assay conditions. 
For the lipase assay the suspension of culture was centrifuged (15 000 rpm, 4°C, 5 min.). 
The reaction mixture consisting supernatant (0.125 mL), phosphate buffer pH 7.2 (1.625 mL), 
substrate pNPL (0.125 mL) was incubated at 37 °C for 30 minutes. Subsequently, 0.1 M 
sodium carbonate (0.250 mL) was added to terminate the reaction and absorbance was 
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measured at a wavelength of 420 nm. For blank measurement, the substrate was replaced with 
distilled water. 
Calculation of lipolytic activity was based on linear regression equation obtained by 
evaluation of standard curve of pNPL. 
Formula used for calculation of lipolytic activity is as follows: 
 
 =
 + 	

 ∙  ∙ 
,	 
 
a lipolytic activity of enzyme [µmol/min·L = U/L] 
A420 absorbance 
t incubation time [min] 
V volume of enzyme [L] 
nb,na values based on linear regression equation (A=na·n+nb) 
3.2.3.1 Determination of temperature optimum of enzymes 
Reaction mixture consisting of 1.625 mL of buffer; 0.125 mL of enzyme and 0.125 ml of 
pNPL was stirred and left to incubate for 30 minutes gradually at 30; 35; 40; 45; 50; 55; and 
60 °C in a water bath. Then 0.250 mL of Na2CO3 was added to terminate the reaction. 
Subsequently, absorbance of this solution was measured at a wavelength of 420 nm. For 
blank, the substrate was replaced with distilled water. 
3.2.3.2 Determination of pH optimum of enzymes 
Reaction mixture consisting of 1.625 mL of phosphate buffer; 0.125 mL of enzyme and 
0.125 mL of pNPL was stirred and left to incubate for 30 minutes at 37 °C. Then 0.250 mL of 
Na2CO3was added to terminate the reaction. Subsequently, absorbance of this solution was 
measured at a wavelength of 420 nm. For blank, the substrate was replaced with distilled 
water. The pH optimum was measured gradually at pH of 5; 6; 7.2; 8; 9; and 10 (see Section 
3.1.5.1.). 
3.2.3.3 Determination of thermal stability of enzymes 
Reaction mixture consisting of 1.625 mL of phosphate buffer; 0.125 mL of enzyme was left 
to incubate for 30 minutes gradually at 30; 40; 50; 60; and 70 °C for 60 minutes. Then 
0.125 mL of pNPL was added to reaction mixture and left to incubate for 30 minutes at 37°C. 
Then 0.250 mL of Na2CO3 was added to terminate the reaction. Subsequently, absorbance of 
this solution was measured at a wavelength of 420 nm. For blank, the substrate was replaced 
with distilled water. 
3.2.3.4 Determination of kinetics of enzymes-catalyzed hydrolytic reaction 
Reaction mixture consisting of 1.625 mL of phosphate buffer; 0.125 mL of enzyme and 
0.125 mL of pNPL or pNPB was stirred and left to incubate for 30 minutes at 37 °C. For 
kinetics determination, board with different concentration of substrate was prepared (5; 3.75; 
2.5; 2 and 1.75 mM). Then 0.250 mL of Na2CO3 was added to terminate the reaction. 
Subsequently, absorbance of this solution was measured at a wavelength of 420 nm. For 
blank, the substrate was replaced with distilled water. 
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3.2.4 Lowry protein assay 
The Lowry method is based on a biuret reaction that includes the use of Folin-Ciocalteu 
reagent for enhanced color development. Proteins are firstly treated with alkaline copper 
sulphate in the presence of tartrate. This step is then followed by addition of the Folin-
Ciocalteu reagent. The enhancement of the color reaction in the Lowry procedure occurs 
when the tetradentate copper complexes transfer electrons to Folin-Ciocaulteu (phospho-
molybdic/phosphotungstic acid complex; Mo+6/W+6). Reduction of the Folin-Ciocalteu 
reagent is measured as a blue color at 750 nm. 
Supernatant obtained after centrifugation for lipolytic activity assay was used. The reaction 
mixture consists of 0.5 mL supernatant and reagent C was incubated for 30 minutes in 
laboratory temperature. Subsequently, 0.5 mL of reagent C was added to reaction mixture and 
additional 30 minutes of incubation proceed. The absorbance was measured at a wavelength 
of 750 nm. For blank, the enzyme was replaced with distilled water [79]. 
Calculation of the concentration of proteins was based on linear regression equation 
obtained by evaluation of standard curve of BSA. 
Formula for calculation of the concentration of proteins: 
 
 =
 + 	


,	 
 
c concentration of enzyme [mg/mL] 
A750 absorbance 
cb, ca values based on linear regression equation (A=ca·c+cb) 
3.2.5 Determination of protease activity 
The protease activity was determined by using casein as the substrate. Folin and Ciocalteu’s 
Phenol primarily reacts with free tyrosine resulted from casein digestion to produce a blue 
colored chromophore, which is quantifiable and measured as an absorbance value on the 
spectrophotometer. From the standard curve the activity of protease samples can be 
determined in terms of Units, which is the amount in micromoles of tyrosine equivalents 
released from casein per one minute. 
Supernatants free of bacterial cells, obtained after centrifugation, and were used for 
proteolytic activity assay. For tested enzyme, 4 tubes are needed. One tube was used as a 
blank, and three others were as independent measurements.  To each set of four test tubes was 
added 2.5 mL of 0.65% casein solution, equilibrated in a water bath at 37°C for about 5 
minutes. Afterwards, 0.5 mL of enzyme was added to three of the test sample tubes, but not 
the blank, swirling and incubation for 37°C for exactly 10 minutes followed. After this 10 
minute of incubation, 2.5 mL of the TCA reagent was added to each tube to stop the reaction, 
even the blank. Another 0.5 mL of enzyme was added to three tested tubes, 1 mL of enzyme 
was added to the blank, so that the final volume of enzyme in each tube is 1 mL, then the 
incubation at 37°C for 30 minutes followed. After the incubation, suspensions were 
centrifuged (15 000 rpm, 4°C, 5 min), supernatants were used for following steps. To each 
test tube was added 2.5 mL of sodium carbonate. For best results, 0.5 ml of Folin-Ciocalteu 
reagent was added immediately afterwards. Tubes were mixed by swirling and incubated at 
37°C for 30 minutes. Absorbance was measured as a blue colour at 660 nm [80]. 
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Calculation of the concentration of proteins was based on linear regression equation 
obtained by evaluation of standard curve of L-tyrosine. 
 
 =  ∙
 − 	

 ∙  ∙ 
,	 
 
a proteolytic activity of enzyme [µmol/min·L = U/L] 
A660 absorbance 
t incubation time [min] 
Ve volume of enzyme [L] 
Vt total volume of assay [L] 
nb,na values based on linear regression equation (A=na·n+nb) 
3.2.6 The clear zone method for antimicrobial effect of GO in PCL/GO composite 
Screening of antimicrobial effect of GO in PCL/GO composite was performed in Petri 
dishes with Meat-Peptone-Agar (MPA) medium in the presence of bacterium (BS), yeast 
(Pichia fermentans) and fungus (Aspergillus niger). The antimicrobial test was performed 
inside of thermostat with optimal temperature (BS and A. niger 30°C; P. fermentans 28°C). 
The photos have been taken after 24 hours of incubation. 
3.2.7 Determination of concentration of bacterial cells and pH values measurement 
Densitometer McFarland DEN-1B (Brno, Czech Republic), a compact benchtop 
densitometer (suspension turbidity meter) was used for measuring turbidity of cell 
suspensions. The equipment is designed to measure turbidity in the range of 5.00 to 15.00 
McFarland units with a standard deviation of ± 3.0 %. A wider measurement range - up to 
15.0 McFarland units - is available with a higher standard deviation. 
Optical density/turbidity of samples within L-test tubes was monitored with densitometer 
for almost every day of the experiment. The values of pH of medium were monitored for the 
4, 7, 14, 21 days. 
3.2.8 Preparation of PCL, PCL/graphene oxide composite films  
PCL composite with graphene oxide (2.7 wt% GO) (PCL/GO) was prepared by solution 
mixing in the laboratory. Samples, in the form of films (10 x 10 mm) were prepared by 
compression moulding (temperature 65 °C, 6 minutes, pressure 300 kN), and sterilized by 
UV-lamp for 30 minutes. For the study of the effect of nutritious factors, the films of PCL 
were of 350 µm thickness. 
3.2.9 Biodegradation experiment 
The biodegradation test of PCL and PCL/GO films was performed in the L-test tubes 
containing 6 mL of medium (NBG, NB, MS-YE) inoculated with 0.6 mL of bacterial 
inoculum (initial pH 7, 600·106 CFU/mL). The experiment was performed at 30 °C and a 
shaking rate of 160 rpm and 200 rpm. Optical density/turbidity of samples within L-test tubes 
was monitored with densitometer for 4, 7, 14, 21 days of experiment. The values of pH of 
medium were monitored for the same time period. 
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The degradation process was evaluated according to the weight loss of polymer films and 
changes in their molecular weight. Concomitantly, residual lipolytic activity and proteolytic 
was measured together with pH values of medium. 
3.3 Peptide mass fingerprinting 
PMF is analytical technique used for protein identification; the experimentally obtained 
protein, peptide masses respectively are compared with the peptide masses of proteins stored 
in databases [40]. 
3.3.1 Preparation of samples for PMF 
The culture of BS was grown in NBG medium and NBG medium with polymer (vol. 
approx. 300 mL each). One week incubation was followed by the centrifugation at 7 800 rpm 
for 10 min at 4 °C in order to remove bacterial cells from the fermentation broth. The 
supernatants of crude enzymes were precipitated with ammonium sulphate. The precipitates 
were stored overnight, at 4 °C and recovered by centrifugation at 7 800 rpm for 5 minutes. 
Subsequently, precipitates were dissolved in ethanol (1:4) and stored overnight, at 4 °C. After 
separation, precipitates were dissolved in water and dialyzed against distilled water to get 
concentrated enzyme free from salt and metal ions. Afterwards, protein samples were freeze-
dried and diluted in water to get the concentration of 1; 10; 100 mg/mL and used for analysis 
by electrophoretic methods. 
3.3.2 Fast Protein Liquid Chromatography 
Fast Protein Liquid Chromatography (FPLC) is a form of liquid chromatography 
commonly used to analyze or purify protein mixtures. Procedure was performed on Fast 
Protein Liquid Chromatography (FPLC, Pharmacia, Sweden). For separation was used 
column Superdex 75 (GE Healthcare).  
 
• FPLC was performed under following conditions: 
mobile phase  0.05 M phosphate buffer (pH 7) containing 0.15 M NaCl 
sample injection  200 µL 
flow rate  0.5 mL/min 
fraction 0.5 mL 
standards for column calibration Cytochrome c, Carbonic Anhydrase, and BSA 
3.3.3 SDS-PAGE 
The determination of protein molecular mass (Mr) was performed by  
SDS-polyacrylamide gel electrophoresis on Mini-Protean 3 Electrophoresis System (Bio-Rad 
Laboratories) in 10% gel. Standard calibration proteins in the range of 10 – 170 kDa were 
used (Fermentas). The protein bands were visualized by CBB staining and subsequently silver 
staining method. 
 
• Separating Gel Preparation (lower): 
30% AA/bis-AA (30% : 0,8%) 1.65 mL 
1.5 M Tris-HCl, pH=8.8 
containing 0.4% SDS 
1.25 mL 
distilled water 2.05 mL 
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TEMED 2.50 µL 
10% APS 25.0 µL 
 
• Stacking Gel Preparation (upper): 
30% AA/bis-AA (30% : 0,8%) 0.335 mL 
0.5 M Tris-HCl, pH=6.8 
containing 0.4% SDS 
0.625 mL 
distilled water 1.54 mL 
TEMED 2.50 µL 
10% APS 12.50 µL 
 
Stacking gel solution was poured between the glass plates with a pipette, about ¼ of the 
space was left free for the stacking gel. Top of the gel was covered with 96% propanol and 
allowed until the resolving gel polymerized (approx. 30 min). Afterwards, ethanol was 
discarded and top of the gel was washed twice by distilled water. Finally, the stacking gel was 
poured carefully with a pipette to avoid formation of bubbles, and combs were inserted. The 
gel was allowed to polymerize for at least an hour. The gel was put to electrophoresis tank 
which was filled with running buffer and the combs were removed (pH 8.3, consists of 15 g 
Tris Base, 72 g of glycine and 5 g of  SDS diluted in 1 000 mL of distilled water). 
 
• Sample Buffer Preparation: 
distilled water 4.0 mL 
0.5 M Tris//HCl 1.0 mL 
glycerol 0.8 mL 
10% SDS 1.6 mL 
0.05% 2-merkaptoethanol 0.4 mL 
0.05 % bromophenol blue  0.2 mL 
 
Samples and standard were mixed with sample buffer in proportion 1:4, 5 minutes heated 
(95°C) and shortly mixed on the vortex. Subsequently, prepared samples and standard were 
pipetted (13 µL) in combs gaps. Electrophoresis ran in constant voltage 100 V for about 
2 hours. The gel was stained by CBB solution (CBB 0.25 g, MeOH 90 mL, distilled water 
90 mL, HAc 20 mL) and CBB Destain solution (methanol 125 mL, distilled water 775 mL, 
HAc 100 mL) was used for bleaching. The gel was washed and stored in distilled water. If it 
has been necessary to visualize the bands, silver staining was performed according to 
instruction by Silver Staining Kit (Fermentas). 
3.3.4 IEF-PAGE 
IEF-PAGE technique was used for the separation of proteins according to their isoelectric 
points. Protein samples were run on Isoelectric Focusing Electrophoresis Unit (Scie-Plas, 
UK), performed in 1 mm thick polyacrylamide gels (approx. 13 x 19 cm) of the following 
composition. Standard calibration proteins in the range of pI 3-10 were used (Serva 
Electrophoresis). 
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• Separating Gel Preparation: 
30% acrylamide (AA) 3.40 mL 
2% Bis-acrylamide (Bis-AA) 3.00 mL 
glycerol 1.00 mL 
ampholyte pH 2-11 (Serva) 1.00 mL 
distilled water 7.00 mL 
Degassing 
TEMED 5.00 µL 
1.5% ammonium persulphate (APS) 0.80 mL 
 
IEF-PAGE was performed under following conditions: 
 
• Prefocusation: 
Start   120 V  
30 min   220 V  
 
After prefocusation, samples (5 µL) and standard (3 µL) were carefully applied to the 
centre of the gel between anode and cathode and focusation occurred. 
 
• Focusation: 
30 min  400 V 
30 min  700 V 
30 min  900 V 
45 min  1 100 V 
45 min 1 250 V 
 
IEF-PAGE was terminated after 3 hours, fixed by 20% TCA for 20 minutes on the shaker 
and stained by staining solution. Staining solution consists of 2 g of Coomassie Brilliant Blue 
G-250 (CBB), 450 mL of MeOH, 100 mL of HAc and 450 mL distilled water. Afterwards, 
destaining solution was used for bleaching. It consists of 300 mL of MeOH, 100 mL HAc and 
600 mL distilled water. The gel was washed and stored in distilled water. If it has been 
necessary to visualize the bands, silver staining was performed according to instruction by 
Silver Staining Kit (Fermentas). 
3.3.5 MALDI-TOF mass spectrometry analysis 
Stained proteins from SDS-PAGE and IEF-PAGE can be enzymatically digested and the 
resulting peptides might be analysed and sequenced by matrix assisted laser desorption mass 
spectrometry. 
3.3.5.1 In-gel digestion of proteins  
CBB s and silver staining visualized protein bands of interest were excised with scalpel from 
the gel. The bands were cut as close to the protein as possible to reduce the amount of background 
gel. Excised gel pieces (1x1 mm) were transferred into a 1.5 mL microfuge tube [81]. 
 
• Washing of gel pieces: 
The gel particles with CBB were washed with 100 µL of water and water/acetonitrile (1:1), 
with two changes, for 15 minutes per change. All remaining liquid was removed and 
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acetonitrile (ACN) was added to cover the gel particles. After the gel pieces have shrunk and 
discoloured, the acetonitrile was removed and the gel pieces were rehydrated in 100 µL 
100mM NH4HCO3. After approximately 5 min, an 400 µL of acetonitrile was added. After 5 
min of incubation, all liquid was removed and gel particles were dried in a vacuum centrifuge. 
 
• Reduction and alkylation: 
The gel particles were swollen in solution containing 50 µL of 10mM dithiothreitol (DTT) 
in 100mM NH4HCO3 and incubated for 30 min at 56 °C to reduce the proteins. After 
incubation,  400 µL of ACN was added, mixed and 5 minutes incubated, then the excess 
liquid was removed and quickly replaced with 50 µL of 55mM iodoacetamide (IA) in 100mM 
NH4HCO3. The mixture was incubated for 20 min at room temperature in the dark. The 
supernatant contains IA solution was removed and the gel particles were washed with 400 µL 
100 mM NH4HCO3 for 5 min and then with ACN for next 5 min.  
 
• In-gel digestion with trypsin: 
The gel particles were completely dried in a vacuum centrifuge and then rehydrated with 
the digestion buffer containing 30 µL of 10 mM NH4HCO3 and 10 ng/µL of trypsin. After 
2 hours of incubation, 50 µL of 10 mM NH4HCO3 was added. Enzyme reaction was running 
at 37 °C overnight. 
 
• Extraction of peptides: 
The peptides were extracted from the gel pieces by addition of 30 µL of 1% TFA to cover the 
gel. Then, 0.5 µL of the digested protein sample was applied onto the MALDI target chip and 
0.5 µL of the matrix solution (5 mg/ml CHCA in 60% ACN and 0.1% TFA) was added by 
pipette. Subsequently, samples were ready for MALDI-TOF MS analysis [81]. 
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4 RESULTS AND DISCUSSIONS 
4.1 The effect of nutritious factors on lipase production and biodegradation 
activity of lipases on polyester chains 
Lipases are known to have diverse properties in accordance with their origin and thus it is 
not possible to generalize about conditions leading to enhanced lipase production and activity. 
The study was preliminary focused on optimization of lipases activity produced by Bacillus 
subtilis (CCM 1999) – BS in submerged culture differing in carbon sources and shaking rate.  
Three types of media were studied: peptone and yeast extract (NB), medium contained 
peptone and yeast extract with the addition of 2% (w/v) glucose (NBG) and mineral 
solution containing yeast extract (MS-YE). All cultivation experiments were run in two 
parallel measurements. 
Lipases are believed to be essentially involved during polyester degradation. There is a 
plenty of reports of enzymatic degradation of poly(ε-caprolactone), PCL performed by 
commercial enzymes and by microorganisms in literature [3][68]. The biodegradation of PCL 
by the action of microorganism has been discussed only on the base of changes in material 
sample.  
The aim of this study was the characterize enzymes produced by BS in the presence of 
poly(ε-caprolactone) samples with Mn = 10 kDa. One sample set for all media tested 
contained PCL specimen and the second one was without the polymer. The study of BS 
cultivation was performed for 21 days without changing the medium. PCL specimens 
(1 x 1cm x 350 µm) were removed after 4, 7, 14, and 21 days and characterized. Besides 
lipases, proteases were also determined since they are supposed to be responsible for lipase 
degradation. 
4.1.1 Bacterial growth 
The bacterial growth of BS was monitored by measuring of the optical density/turbidity of 
inoculated medium in situ within L-test tubes and is expressed in McFarland’s units (Fig. 19).  
The bacterial growth curve can be divided into four parts.  Initially, in lag phase the number 
of cells does not increase. On finding themselves in a new environment, cells will take time to 
adjust. They may need to synthesise new enzymes, repair any cell damage and initiate 
plasmid or chromosomal replication. This phase is not evident from Fig. 19 due to long 
cultivation period.  In the exponential growth phase the maximum slope of the curve reflects 
the specific growth rate of the organism in that particular environment. This growth rate is 
increasing with time during first day of cultivation. During the stationary phase, the bacterial 
growth will slow down and eventually stop as nutrients become depleted or inhibitory 
metabolites build up (death phase). Nevertheless, measuring in McFarland’s units do not 
show obvious death phase in Fig. 19 because viable and death cells are mixed in L-test tubes, 
batch cultivation respectively. 
The increase of bacterial growth in the presence of glucose (NBG medium) which provides 
microorganism with the highest per capita population growth rate [76] in medium was clearly 
seen at shaking rate 160 rpm (Fig. 19). In NB medium because of absence of glucose as main 
carbon source, the bacterial growth is not so high because peptone and yeast extract are 
considered to be rather organic nitrogen source than carbon source [36]. MS-YE medium is 
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enriched by mineral salts and yeast extract but the lack of glucose and peptone as main carbon 
and nitrogen source caused the rapid nutrient exhaustion. 
In the presence of PCL, a slight decrease of bacterial growth was observed for NBG and 
NB media and opposite trend for MS-YE medium (Fig. 19) in comparison with that measured 
for nutrition cultivation media without the PCL. 
 
Fig. 19 Time profile of BS bacterial growth expressed as optical density during cultivation with at 
shaking rate 160 rpm 
4.1.2 Lipolytic activity and proteolytic activity during cultivation experiments 
Based on the literature review p-nitrophenyl derivatives of fatty acids (generally lauric or 
palmitic acids) have been frequently used as synthetic substrates for the measurement of 
lipase activity. Determination of lipolytic activity of BS after 4, 7, 14, and 21 days of 
cultivation was performed by spectrophotometric assay using p-nitrophenyl laurate as the 
substrate (Experimental Section 3.2.3). The resulted values of lipolytic and proteolytic 
activity are calculated from three independent measurements. 
Time course of lipolytic activity in medium under shaken rate 160 rpm is seen at Fig. 20. 
The effect of glucose on lipolytic activity (NBG vs. NB) was not possible to be clearly 
determined after 4 and 7 days of cultivation because of values variance. After 14 days, slight 
depression of lipase activity in the presence of glucose (2 % w/v) was seen, which is usually 
connected with catabolic repression. In our case, the depletion of glucose supposed to occur 
during the early stage of cultivation experiment, thus the observed difference in lipolytic 
activity after 14 days could be the consequence of other factors further discussed. 
Trends of lipolytic activity of BS in media with and without PCL (NBG/PCL vs. NBG, 
NB/PCL vs. NB) are similar. The presence of PCL caused in both types of media (NB, NBG) 
higher values of lipolytic activity indicating the participation of released low-molecular 
weight species as the products of PCL biodegradation. So stimulation effect of species, which 
were released from PCL as the result of degradation, on lipolytic activity could be suggested. 
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In the case of MS-YE medium, lipolytic activity was very low and almost independent on 
PCL presence in medium (Fig. 20). Thus, PCL species did not function as inducers for lipase 
production in mineral medium. 
Time profile of proteolytic activity of BS in NBG medium (Fig. 20) supported the 
occurrence of protease-mediated degradation of extracellular lipase (Fig. 20). In the case of 
NB medium the proteolytic activity was even lower than in mineral MS-YE medium.
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Fig. 20 Time course of lipolytic activity (left side) and proteolytic activity (right side) during cultivation test at shaking rate 160 rpm 
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4.1.3  Concentration of proteins during cultivation experiments 
Determination of proteins in cultivation media was done by Lowry protein assay 
(Experimental section 3.2.4). The slightly higher protein concentration was determined in BS-
inoculated NBG medium (Fig. 21) at shaking rate 160 rpm.  
Based on previous results, the amount of proteases was twice higher than the amount of 
lipases according to lipolytic and proteolytic activity (Fig. 20). 
The decrease of protein concentration in all types of media at the beginning of the 
cultivation period is caused by BS metabolic utilisation of proteins contained in those media. 
The change of BS metabolic production during 4 – 14 day could be suggested due to 
metabolism/ synthesis of new enzymes. In case of all tested samples the protein concentration 
followed the same trends independently in the presence of PCL (NB, NBG, MS-YE). BS-
inoculated MS-YE medium possessed lower concentration of proteins which correlate with 
trends of bacterial growth, rapid nutrient exhaustion respectively. 
 
Fig. 21 Time course of proteins amount during biodegradation test at shaking rate 160 rpm 
 
4.1.4 Measurement of media pH during cultivation experiments 
By means of growth and biotransformation, BS greatly affects the environment so pH of 
medium during cultivation experiment was measured. The main alteration in pH profiles of 
NB and MS-YE vs. NBG media was observed during first two weeks of cultivation 
experiment, which can reflect metabolic changes connected with the utilization of different 
substrates by BS (Fig. 22). Decrease of pH value in NBG medium during first 14 days 
indicated production of acids, when all the glucose had been used up. Glucose is preferred 
carbon source for most of the common heterotrophic bacteria. Glucose was oxidized and 
metabolite products such as malic, lactic, acetic acid and other organic acids acidified the 
medium [78]. Afterwards, the pH increased again, reflecting the further oxidation of the acids 
and the production of free amino compounds [82]. 
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pH profiles were almost the same for all types of media with and without PCL specimens. 
This fact could indicate negligible pH changes in microenvironment due to the degradation 
products and/or metabolites. Control abiotic samples containing PCL did not indicate any 
significant change of pH values. Only in the case of NBG slight decrease to acidic region was 
seen (pH 6.5). So, it could be concluded that the presence of polymer did not affect 
significantly pH values in abiotic medium as the consequence of hydrolytic degradation. 
 
Fig. 22 Time profile of pH values of studied systems at shaking rate 160 rpm 
 
4.1.5  Weight loss of PCL during degradation experiments 
(Bio)degradation process of polyester films is frequently accompanied by surface erosion 
during which low-molecular degradation products are released into the medium, hence the 
weight loss of samples could be the parameter for degradation process evaluation.  
In all cases, gradually increasing weight loss of PCL samples exposed to BS was observed 
in comparison with control PCL specimen immersed in abiotic medium (Fig. 23). For 
degradation experiments two parallel runs were performed. 
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Fig. 23 The weight loss of PCL in NB, NBG and MS-YE medium during degradation test, shaking 
rate 160 rpm 
The previously discussed pH profiles proved alkaline environment developed in media 
during the cultivation experiment. Since the hydrolytic ester bonds scission could be also 
base-catalyzed (Fig. 24), the synergic action of chemical hydrolysis to enzyme-catalyzed one 
could be suggested. Since pH increase was more rapid (from 4th day of experiment) in media 
without glucose, the observed PCL weight loss was consequently higher in both mineral and 
NB media. 
 
 
Fig. 24 Base-catalyzed hydrolysis of polyesters[3] 
Since insignificant change of pH of control abiotic media with PCL during 21 days was 
observed and the samples had weigh loss approx. 1 %, the participation of enzymes on PCL 
chain could be assumed during exposition of PCL to BS.  
The ester bond scission is known to be also auto-catalyzed by formed carboxylic group 
however such lower-rate autocatalysis is governed by pH of microenvironment within pores 
on PCL sample surface. Consequently, low-molecular weight PCL degradation products 
released into medium would also have acidic character. In our experiment lowering pH to 
acidic region was observed only for NBG media shaken at 200 rpm during first week of 
cultivation (Fig. 30). 
The results measured suggest important effect of metabolic processes occurring in BS 
related to carbohydrate carbon source which result in considerable values of pH 
macroenvironment. 
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4.2 The effect of higher aeration on lipase production and their biodegradation 
activity on polyester chains 
The higher shaking speed was examined for providing mixing and minimizing areas of high 
or low nutrient concentration and for satisfying of the oxygen requirement for the process 
studied. For the experiment with higher aeration (200 rpm) two types of media were studied: 
peptone and yeast extract (NB), medium contained peptone and yeast extract with the addition 
of 2% (w/v) glucose (NBG). Unfortunately, the cultivation experiment done under shaken rate 
200 rpm was not possible to be precisely evaluated because of large data variance. 
 
4.2.1 Bacterial growth 
No significant differences are observed between BS-inoculated NB and BS-inoculated NBG 
medium (Fig. 25). Lower bacterial growth of BS in comparison with cultivation at shaking 
rate 160 rpm was observed. Our results are in contrast to literature data which presents higher 
aeration as a positive effect for nutrient availability and consequently bacterial growth. 
Negative effect of shaking rate on bacterial growth has been reported at 300 rpm when 
oxygen concentration affected the growth [85]. 
 
 
Fig. 25 Time profile of BS bacterial growth expressed as optical density during cultivation at 
shaking rate 200 rpm 
4.2.2 Lipolytic activity and proteolytic activity of BS during cultivation experiments 
Determination of lipolytic activity of BS after 4, 7, 14, and 21 days of cultivation was 
performed in the same way like in previous study with lower shaking rate (Fig. 20). Trend of 
lipolytic activity of BS in media with and without PCL NB/PCL vs. NB are similar. 
Nevertheless, in case of BS-inoculated NBG vs. BS-inoculated NBG/PCL medium, trend is 
somehow different. The results do not correspond with lower shaking rate. 
0,0
2,0
4,0
6,0
8,0
10,0
12,0
14,0
16,0
0 5 10 15 20
o
p
ti
ca
l d
e
n
si
ty
time [day]
NBG+BS
NBG/PCL+BS
NB+BS
NB/PCL+BS
NBG/PCL c
NB/PCL c
53 
 
Based on literature data [86], we expected higher values of lipolytic activity as proved 
previously (Fig. 27) during shorter cultivation period (200 h). The trends of lipolytic activity 
measured independently were quite similar (Fig. 26, 27). Nevertheless, more parallel 
measurements are necessary to be performed to statistically evaluate positive/negative effect 
of higher aeration at shaking rate 200 rpm on production of enzymes by BS.  
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Fig. 26 Time course of lipolytic activity (left side) and proteolytic activity (right side) during cultivation test at shaking rate 200 rpm 
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Fig. 27 Time course of lipolytic activity of BS in NBG medium (right side) NB medium (left side) during shorter cultivation period [84] 
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Fig. 28 Comparison of lipolytic activity time course during cultivation test performed in BS-
inoculated NB and NBG media with PCL at shaking rate 160 rpm and 200 rpm 
4.2.3 Concentration of proteins during cultivation experiments 
Concentration of protein measured in media at shaking rate 200 rpm (Fig. 29) was 
comparable with values measured in media shaken at 160 rpm only in the end of cultivation. 
The trends are in contrast with those measured in media shaken at 160 rpm except of BS-
inoculated NB medium without polymer. This incomprehensible data correlates with 
previously discussed bacterial growth and lipolytic activity results.  
 
 
Fig. 29 Time course of proteins determined in media shaken at 200 rpm 
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4.2.4 Measurement of media pH during cultivation experiments 
The decrease of pH of BS-inoculated medium supplemented with glucose both in the 
presence and in the absence of polymer was pronounced significantly at shaken rate of 
200 rpm (Fig. 30, 31). 
 
 
Fig. 30 Time profile of pH values of studied systems at shaking rate 200 rpm 
 
 
Fig. 31 Comparison in time profile of pH values of NBG/PCL+BS and NBG+BS at different 
shaking rate 160 rpm and 200 rpm 
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4.2.5 Weight loss of PCL during degradation experiments 
The weight loss of specimens aged in medium under shaking rate 200 rpm (Fig. 32) was 
almost twice higher than in medium with shaking rate 160 rpm. For degradation experiments 
two parallel runs were performed. 
 
 
Fig. 32 The weight loss of PCL in NB and NBG medium during degradation test, shaking rate 
200 rpm 
 
4.2.1 Determination of biochemical parameters of extracellular lipases 
BS is known to produce different types of extracellular lipases with respect of cultivation 
conditions. So, lipases excreted by BS into the medium (NBG, NB) both in the presence and 
in the absence of PCL specimen after 4 days of cultivation were further characterized by 
determination of temperature optimum, thermal stability, pH optimum, and kinetics 
parameters of hydrolytic reaction. 
Temperature optimum of lipases produced in both NB and NBG medium without PCL was 
found to be 35 °C. Interestingly, temperature optimum of lipases produced in the presence of 
PCL in both types of media was shifted to 45 °C (Fig. 33). Relatively broad temperature 
optimum of BS-produced lipases in both NB and NBG is frequently found for Bacillus lipase 
in literature data [24][36].  
Thermal stability was studied in the temperature range from 30 °C to 70 °C. Lipases 
produced by BS both in NB and NBG medium without the polymer were found to be more 
thermostable than those produced in the presence of PCL specimen (Fig. 34). Sharp decrease 
of residual lipolytic activity below 20 % was seen after 50 °C for lipases in NB and NBG 
media and after 40 °C for lipases produced in analogous media with PCL samples. 
The activity and stability of lipases produced by BS at examined temperature range was in 
accordance with the characteristic features of lipases produced by mesophilic Bacillus strain 
such as B. subtilis [75]. 
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Fig. 33 Temperature optimum of lipase produced by BS in NBG and NB media with and without 
polymer, relative activities were calculated as the ratio of the enzyme activity measured at different 
temperatures to the maximal activity of the enzyme 
 
  
Fig. 34 Thermal stability of lipases produced by BS in NBG, NB medium and NBG, NB medium 
containing PCL specimen, residual activities were calculated as the ratio of the activity of enzyme 
measured after incubation to the maximal activity of the enzyme 
The activities of lipases are highly pH dependent, and any modification of the pH of 
reaction mixture is likely to affect their catalytic potential. The pH influences the structure of 
proteins and thus governs their catalytic activity [76]. 
Measurement of pH optimum of BS lipases was performed (Experimental section 3.1.5.1), 
at the pH range of 5.0 – 10.0. The major variance was found out for behaviour of BS lipases in 
different systems with and without the polymer (Fig. 35). In the presence of PCL, produced 
lipases display two relatively sharp values of optimum pH (pH 7, 9). These results 
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demonstrate great stability of lipases in alkaline region and suggest presence of more than one 
form of lipases. The optimum pH for lipase activity of B. subtilis (CCM 1999) in both NB and 
NBG media was found to be 7. The data measured are in agreement with literature data 
suggesting that Bacillus lipases generally have pH optimum of 7.0-9.0 [26][76]. 
 
 
Fig. 35 pH optimum of BS lipases in NBG and NB medium and in NBG and NB medium with PCL, 
relative activities were calculated as the ratio of the enzyme activity measured at different pH to the 
maximal activity of the enzyme 
4.2.2 Kinetic parameters 
Lipases produced at different BS-inoculated media were further characterized as catalyst for 
p-nitrophenyl laurate (pNPL) and p-nitrophenyl butyrate (pNPB) hydrolysis. Supernatants 
free of bacterial cells obtained after 4 days of cultivation were used for kinetics study. 
Kinetics parameters such as Km and Vmax determined by using five concentrations of 
substrates ranging from 1.75 to 5 mM for pNPL (C12) and for pNPB (C4) at pH 7.0 and 9.0 
were calculated by Lineweaver-Burk equation [77]. The values are summarized in Tab. 6. The 
Michaelis constant Km is an inverse measure of the substrate's affinity for the enzyme. So, 
small Km indicates high affinity, meaning that the rate will approach Vmax more quickly. The 
value of Km is dependent on the enzyme and the substrate, as well as conditions such as 
temperature and pH [77]. 
No significant differences of Vmax, Km for hydrolytic reactions on pNPL as the substrate 
catalyzed by lipases from BS-inoculated NBG, NB and NBG/PCL, NB/PCL at pH 7.0 and pH 
9.0 was observed. On the other hand, significant difference of kinetics of hydrolytic reaction 
on pNPB as the substrate expressed by Vmax, Km was observed in systems NBG, NB and 
NBG/PCL, NB/PCL at pH 7. Values of Km obtained for lipases from NBG/PCL and NB/PCL 
were almost three times higher than those measured for lipases in NBG and NB media. This 
fact suggests low substrate’s affinity of pNPB for the enzyme. The same trend was noticeable 
also in results of Vmax. 
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Tab. 6 Summary of kinetics parameters of hydrolytic reaction catalyzed by lipases obtained from 
NBG, NB and NBG, NB medium with PCL specimen 
medium pH substrate Km [mM] 
Vmax 
[µmol min-1 L-1] 
NBG 7 pNPL 0.4142 0.0663 
NB 7 pNPL 0.2215 0.0476 
NBG/PCL 7 pNPL 0.3376 0.0370 
NB/PCL 7 pNPL 0.3809 0.0359 
NBG 7 pNPB 0.5413 0.0887 
NB 7 pNPB 0.4055 0.0789 
NBG/PCL 7 pNPB 1.8992 0.1425 
NB/PCL 7 pNPB 1.7843 0.1297 
NBG/PCL 9 pNPL 0.2461 0.0288 
NB/PCL 9 pNPL 0.4896 0.0513 
NBG/PCL 9 pNPB 0.5055 0.0669 
NB/PCL 9 pNPB 0.5076 0.0700 
 
 
The pilot study of lipases produced by BS in the presence of polymer concerning kinetics 
data along with biochemical parametrs were performed to identify possible isoforms of 
lipolytic enzymes. It is known that expression of the isoforms is governed by culture or 
fermentation conditions, pH of the production medium and nature of the inducer [87]. 
Isoenzymes  differ in carbohydrate content, isoelectric point,substrate specificity,and primary 
sequence [88]. However the data measured suggest also possible modification of enzymes by 
the presence of relased degradation species from polymer. So further reseach will be 
perfomed to obtain more clear results. 
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4.3 Study of lipolytic enzymes in NBG medium and in NBG medium with PCL 
by PMF 
4.3.1 FPLC 
The separation of proteins in NBG sample was performed by chromatograph (FPLC; 
Pharmacia Fine Chemicals, Sweden) with column Superdex 75. Standard curve was adjusted 
by using Cytochrome c, Carbonic Anhydrase, and Albumin bovine serum as standards 
(Tab. 7). NBG cultivation medium was firstly injected on column in non-freeze-dried state. 
However, fractions exhibited very poor protein activity. Consequently, freeze-dried NBG 
sample (100 mg/mL) was used for determination of molecular mass. 
 
Tab. 7 Calibration of Superdex 75 for determination of molecular mass 
Standard Mr [kDa]  Fraction no. log Mr 
Cytochrome c 12.4 
 
28 4.0934 
Carbonic Anhydrase 29.0 
 
24 4.4624 
Albumin, bovin serum 66.0 
 
21 4.8195 
NBG sample (100 mg/mL) 19.3 
 
26 4.2869 
 
19.3≈10=Mr⇒4.2869=log
967.6+26×103.0-=log
967.6+103.0-=log
4.2869
r
r
r
M
M
xM
 
 
 
Fig. 36 Calibration of Superdex 75, an arrow represents peak with highest lipolytic activity of BS 
y = -0,1031x + 6,9675
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Molecular weight was determined by elution volume of the peak maximum which is 
represented by maximum lipolytic activity. Therefore, based on standard curve calculation, 
fraction no. 26 contained protein with molecular weight of 19.3 kDa. Based on results of 
lipolytic activity in elution volume and results of molecular weight we can assume presence 
of enzyme-lipase, according to literature date, it could be LipA [34]. 
Molecular weight (Mr) was determined by elution volume of the peak maxium which 
represents maximum lipolytic activity. Therefore, based on standard curve calculation, 
fraction no. 26 contained protein with molecular weight of 19.3 kDa. Based on results of 
lipolytic activity determined in elution volume and results of molecular weight we can assume 
presence of enzyme-lipase resembling LipA according to literature data [34]. 
 
4.3.2 SDS-PAGE 
SDS-PAGE represents another standard technique commonly used for determination of 
molecular weight of proteins. SDS-PAGE is not affected by protein folding or its interaction 
with mobile phase like in gel chromatography.  
During this technique proteins are denatured; they are un-folded and lost net charge. On the 
other hand it does not enable protein determination in mixture unlike it is possible by gel 
chromatography. Combination of both techniques one can suppose a location of studied 
protein/enzyme on gel. 
Freeze-dried samples (NBG and NBG/PCL) obtained after 4 days of cultivation experiment 
were used for preparation of concentrated samples (1 mg/mL, 10 mg/mL and 100 mg/mL). 
Standard curve (Fig. 37) was performed by using Serva Protein Ladder obtained from SDS-
PAGE.  
 
 Tab. 8 Standard curve based on SDS-PAGE results from protein ladder 
bends  Mr [kDa] Lenght [cm] log Mr 
1  17.0 2 1.2304 
2  26.0 3.5 1.4150 
3  34.0 4.5 1.5315 
4  43.0 5.4 1.6335 
5  55.0 6.2 1.7404 
6  72.0 6.8 1.8573 
NBG sample  15.7 1.8 1.1968 
NBG/PCL sample  18.2 2.3 1.2601 
 
15.7≈10=Mr⇒1968.1=log
9689.0+8.1×1266.0=log
9689.0+1266.0=log
1.1968
r
r
r
M
M
xM
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Fig. 37 Standard curve obtained from SDS-PAGE 
Hypothetical presence of LipA was determined by SDS-PAGE in the area 15 – 20 kDa 
according to FPLC measurement. Therefore, based on standard curve calculation, those bands 
represent proteins with molecular mass 15.7 kDa (NBG) and 18.2 kDa (NBG/PCL). Thus, we 
can assume hypothetical presence of protein-LipA if we take it into account the inaccuracy of 
the method. Molecular weight of BS lipases was reported in the range of 19 – 60 kDa. For 
instance, from BS has molecular weight of 19.3 kDa [34]. 
 
 
Fig. 38 Results from SDS-PAGE, CBB staining, first column-standard, a) NBG, b) NBG/PCL 
(100 mg/mL); arrows show poor bends which represent protein with molecular mass of approx. 15, 
20 kDa resp. 
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Fig. 39 Results from SDS-PAGE, silver staining, first column-standard, a) NBG, b) NBG/PCL 
(100 mg/mL); arrows show poor bends which represent protein with molecular mass of approx. 15, 
20 kDa resp. 
The results from SDS-PAGE (Fig. 38, 39) indicate low concentration of proteins in region 
of 17 – 24 kDa. On the other hand, region 24 – 55 kDA showed more intensive bends; and 
therefore higher concentration of proteins. The molecular weight averages of standards are 
summarized in Tab. 8. The bands of NBG sample in comparison with NBG/PCL sample did 
not indicate any dissimilarity between NBG (a) and NBG medium with polymer (b). 
However, it is obvious that NBG/PCL sample demonstrate slightly higher intensity of bands, 
proteins respectively (Fig. 38, 39). Accordingly, we can assume the impact of PCL on protein 
production. Staining by CBB solution (Fig. 38) was insufficient, for that reason silver staining 
(Fig. 39) was used. The bends obtained from low concentration samples (1; 10 mg/mL) were 
indistinct even after silver staining. 
 
4.3.3 IEF-PAGE 
Isoelectric focusing is an electrophoretic technique for the separation of proteins based on 
their isoelectric point (pI). The pI is the pH at which a protein has no net charge and thus, 
does not migrate further in an electric field. Analysis was performed on Isoelectric Focusing 
Electrophoresis Unit (Scie-Plas, UK) and for pI-determination protein test mixture (Serva 
Electrophoresis) in the range of pI 3 – 10 (Cytochrome C, Ribonuclease A, Lectin, 
Myoglobin, Carbonic anhydrase, ß-Lactoglobulin, Trypsin inhibitor, Glucose oxidase) was 
used. 
For IEF-PAGE analysis samples (100 mg/mL), which were not fully purified because of the 
attempt to find the difference between NBG and NBG medium containing PCL, were used. 
Bends obtained from low-concentration samples (1; 10 mg/mL) were indistinct as well as in 
SDS-PAGE. 
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Fig. 40 Results from IEF-PAGE, first column-standard, a) NBG freeze-dried (100 mg/mL),  
b) NBG/PCL freeze-dried (100 mg/mL), arrows show poor bends which represent protein with pI 9.5 - 
10.7 
 
Tab. 9 Standard curve based on IEF-PAGE results from protein ladder 
 
bends 
 
pI Lenght [cm] log pI 
 1 
 3.5 2.0 0.5441 
 2 
 4.2 2.9 0.6232 
 3 
 5.3 4.7 0.7243 
 4 
 6.0 6.8 0.7782 
 5 
 6.9 8.8 0.8388 
 6 
 7.4 9.3 0.8692 
 7 
 8.0 10.4 0.9031 
 8 
 9.5 12.3 0.9777 
 9 
 10.7 13.3 1.0294 
 NBG sample  9.8 12.45 0.9913 
 NBG sample  10.5 13.25 1.0235 
 NBG/PCL sample  9.9 12.6 0.9974 
 NBG/PCL sample  10.6 13.3 1.0252 
 
9.8≈10=Mr⇒9913.0=log
501.0+45.12×0394.0=log
501.0+0394.0=log
0.9913
r
r
r
M
M
xM
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Fig. 41 Standard curve based on IEF-PAGE results from protein ladder 
 
The results (Fig. 41) did not demonstrate any difference in protein/lipase composition 
between NBG (a) and NBG medium containing polymer (b) which correlates with SDS-
PAGE. Nevertheless, arrows in Fig. 40 indicate proteins in the area of pI 9.5 – 10.7 which 
suggest the presence of proteins-lipases. This fact correlates with pI of lipases reported in 
literature. Isoelectric pH of lipases of BS strain are frequently in alkaline region, usually 
around pH of 10 [74]. Accordingly, based on standard curve calculation (Fig. 41), those 
proteins were verified (Tab. 9). 
4.3.4 MALDI-TOF MS 
The identification of extracellular lipases produced by BS after separation of proteins by 
IEF-PAGE and SDS-PAGE in cultivation medium (NBG, NBG/PCL) was examined to be 
performed by mass spectrometry. All bends obtained from IEF-PAGE in region pI 8.0 – 10.7 
stained by CBB solution as well as all bends from SDS-PAGE in region 10 – 72 kDa stained 
by CBB solution and silver were used for in-gel digestion of proteins and subsequently for 
MALDI-TOF MS analysis. 
MALDI-TOF measurements in the positive reflectron mode were performed with MALDI-
TOF/TOF mass spectrometer (The New ultrafleXtreme Bruker, Germany). As a proteomic 
databases in conjunction with MS experiments was used online ProteinProspector (v 5.10.11). 
Search parameters were set as follows: taxonomy – all entries; enzyme – trypsin; allowed 
missed cleavages – 2; fixed modifications – carbamidomethyl (C); variable modifications – 
none; peptide tolerance – 30 ppm; peptide charge – (+1); monoisotopic masses; instrument – 
MALDI-TOF. 
Nevertheless, no results were obtained after MS analysis probably due to low concentration 
of proteins in gels after IEF-PAGE and SDS-PAGE. Therefore we on can assume that lipases 
are minority proteins in investigated samples. However, for further research would be 
essential to find proper balance between purification and looking for dissimilarities.  
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4.4 Biodegradation study on poly(ε-caprolactone) and its composite with 
graphene oxide by BS 
4.4.1 The screening of antimicrobial activity of graphene oxide as a filler in model 
nanocomposite 
The clear zone method with agar plates is a widely used technique for screening of polymer 
properties and for assessment of the degradation potential of different microorganisms 
towards a polymer. Agar plates are inoculated with microorganisms and the presence of 
polymer degrading microorganisms can be confirmed by the formation of clear halo zones 
around the colonies. This happens when the polymer-degrading microorganisms excrete 
extracellular enzymes which diffuse through the agar and degrade the polymer into water 
soluble materials [69]. 
Recent studies of graphene-containing polymer nanocomposites do not offer clear results 
regarding biocompatibility, antimicrobial activity and toxic effects on a variety of 
microorganisms. So, preliminary examination of antimicrobial activity of PCL nanocomposite 
with GO as a filler (2.7 wt.%) was carried out. 
Screening of antimicrobial effect of GO filler in PCL/GO composite under investigation 
was performed in Petri dishes with MPA medium in the presence of bacterium (BS), yeast  
(Pichia fermentans) and fungus (Aspergillus niger). Since no clear zone was observed none 
antimicrobial effect of GO in PCL/GO (Fig. 42) was suggested under the conditions of the 
assay. 
 
 
 
Fig. 42 Screening of antimicrobial effect of GO in PCL/GO, left picture - control sample, right 
picture - tested sample 
 
4.4.2 The effect of graphene oxide as a filler on the way of degradation of PCL 
nanocomposite matrix  
The systematic study of degradation process of PCL samples and composite of graphene 
oxide with PCL as the matrix in the presence of BS in NBG medium was performed for 
21 days. The initial pH was 7, the temperature was kept at 30 °C and the L-test tubes were 
continuously shaken at the rate 160 rpm. PCL and PCL/GO specimens have square form 
(1 x 1 cm) and thickness of 250 µm. 
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Exponential growth of BS in cultivation medium and BS in medium with polymer samples 
was observed during first day based on optical density values (Fig. 43). The moderate growth 
of BS in the presence of polymer and especially of PCL/GO in cultivation medium was 
observed during first week, which probably indicates effect of diauxie. It means glucose and 
peptone are utilised initially and subsequently BS started to utilise more complicated substrate 
which could be the degradation products released from PCL. 
Increased optical density values were measured for the cultivation medium containing BS 
with PCL/GO composite in comparison with BS in cultivation medium and with that 
containing PCL homopolymer (Fig. 43). The presence of GO in PCL seems to support cell 
growth but its presence caused lowering extracellular lipase production in comparison with 
neat PCL specimen (Fig. 44). 
Neat PCL specimen stimulates lipase production (Fig. 44) in accordance with preliminary 
study (Fig. 20). The decreasing trend of enzyme production is observed during whole 
degradation period. The decrease of lipolytic activity as a consequence of proteolytic activity 
as seen in Fig. 20 can be suggested along with depletion of nutrients which also effect BS 
lipase production. 
Control samples indicated no growth, thus no contamination.  
 
 
Fig. 43 Time profile of BS bacterial growth expressed as optical density during biodegradation 
experiment 
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Fig. 44 Time course of lipolytic activity of BS during biodegradation test 
pH profiles of studied media were determined. Values of pH of control abiotic NBG 
medium containing PCL and PCL/GO samples were governed mostly by the composition of 
this medium than the polymeric components (Fig. 45) as seen previously (Fig. 22). Similarly 
pH time profile of BS-inoculated medium with PCL was close to pH values of BS-inoculated 
NBG medium in have pH values determined probably by pH medium. This fact could indicate 
negligible pH changes in microenvironment due to the degradation products and/or 
metabolites.  
The pH values were somewhat different in the case of BS-inoculated NBG medium with 
PCL/GO samples (Fig. 45) 
 
Fig. 45 Time profile of pH values of studied systems 
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The biodegradation process of PCL films exposed to BS action was proved on the basis of 
the weight loss of the PCL films gradually increasing during whole degradation test (2.9 wt%, 
7 days→ 8.6 wt%, 14 days→12 wt%, 21 days). In the case of PCL/GO composite the weight 
loss was relatively lower ranging from 2.6 wt% to 5.0 wt% (Fig. 46). Further the scission of 
polymer chains is documented by SEC chromatograms (Fig. 47) in comparison with 
unchanged control samples exposed to abiotic conditions. 
The higher weigh loss observed in comparison with preliminary results could be ascribed to 
lower thickness of polymer films (250 µm). 
 
 
Fig. 46 The weight loss of PCL and PCL/GO during degradation test 
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Fig. 47 SEC chromatograms of PCL (0days)-black curve, PCL-21 days in the presence of BS-red 
curve, PCL/GO in the presence of BS-blue curve. Right side-control samples, left side-PCL-21days at 
abiotic conditions (red-line), PCL/GO-21 days at abiotic conditions (blue-line). 
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Morphology observation by CLSM indicates the development of cracks on the surface of 
both studied polymer substrates which together with other results support the impact of 
extracellular enzymes on degradation process (Fig. 48, 49). 
 
  
Fig. 48 Comparison of surfaces of PCL (left one) and PCL/GO (right one) films after 7 days 
 
  
Fig. 49 Comparison of surfaces of control PCL (left one) and PCL/GO (right one) films after 7 days 
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5 CONCLUSIONS 
The aim of this study was to emphasise the importance of environmental and nutritional 
factors for optimal growth conditions of Bacillus subtilis (CCM 1999) and subsequent ability 
of this microorganism to degrade model aliphatic polyester and graphene oxide-based 
composite of poly(ǫ-caprolactone) (Mn = 10 kDa, Ð = 1.4, film 1 x 1 cm x 350 µm) in three 
types of media (NB, NBG, MS-YE).  
Glucose positively affected bacterial growth of BS in nutrient medium especially in 
medium with polymer. PCL positively effects bacterial growth as well as lipolytic activity in 
both NBG and NB media hence stimulative effect of PCL is suggested. In BS-inoculated 
medium PCL did not contribute to lipolytic activity enhancement, so in this case the lipase-
inducer function could not be suggested. 
The effect of higher aeration through two shaking rate (160, 200 rpm) could not be clearly 
elucidated due to large data variance measured for experiment with shaken rate 200 rpm. 
 Lipases produced by BS demonstrated different behavior in medium with PCL thus 
presence of isoenzymes or the modification of lipases by degradation species of PCL could be 
suggested. This hypothesis is supported by biochemical parameters such as pH optimum, 
thermal stability, etc.. Lipolytic enzymes exhibited two pH optima (7, 9) in the presence of 
polymer, and only one pH optimum (7) in the absence of polymer. According to result of 
thermal stability, extracellular lipases under investigation can by consider as thermostable 
enzymes especially in the absence of polymer. The basic proteomic analysis was further 
performed to clarify protein differences in BS-inoculated NBG medium and BS-inoculated 
NBG medium with PCL by peptide mass fingerprinting (PMF). The presence of proteins with 
molecular weight 19.3 kDa similar to that reported for lipase of BS in literature was proved by 
FPLC. SDS-PAGE and IEF-PAGE indicated a presence of these proteins in both studied 
media (NBG vs. NBG/PCL). Nevertheless, no differences among enzymes have been 
observed in the presence of PCL and no lipase was identified through MALDI-TOF mass 
spectrometry probably due to insufficient purification of proteins.  
Model biodegradation test of PCL composite with graphene oxide (2.7 wt% GO) by the 
action of BS in NBG at initial pH 7 and shaking rate 160 rpm was performed for 21 days. No 
antimicrobial effect of GO in PCL/GO was preliminary detected. The results of bacterial 
growth during biodegradation experiment suggested possible effect of diauxie in the presence 
of polymer and especially of PCL/GO in cultivation medium. Degradation products released 
from neat PCL specimen stimulated lipase production as documented by higher lipolytic 
activity. Degradation process occurred faster in neat PCL specimen in comparison with GO 
composite. PCL films gradually lost their weight up to 12 wt%, and PCL/GO composite up to 
5.0 wt%. The mechanism of PCL chain scission in neat polymer and in polymer matrix of the 
composite supposed being almost the same as documented by similar elution curves measured 
by SEC chromatography. 
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7 LIST OF ABREVIATIONS  
3D   Three-dimensional 
AA Acryl Amide  
APS   Ammonium Persulphate  
Bis-AA    Bis-AA Bis-acrylamide 
BS   Bacillus subtilis 
BSA     Bovine serum albumin 
CHCA     α-cyano-4-hydroxycinnamic acid 
CL      ε-caprolactone 
EPS     Exopolysaccharides  
ESI-MS    Electrospray ionization Mass Spectrometry 
FFA   Free fatty acid 
GO     Graphene Oxide 
GRAS     Generally Recognized As Safe 
IEF   Isoelectric Focusing  
LipA     Lipase A 
LipB     Lipase B 
MALDI-TOF  Matrix-Assisted Laser Desorption/Ionization- Time of flight 
MPA   Meet-Peptone Agar 
MS    Mass Spectrometry  
MS-YE    Mineral Solution+Yeast Extract 
NB   Nutrient Broth 
NBG     Nutrient Broth + Glucose 
NDP    Nucleotide Diphosphate  
PBS     phosphate-buffered saline 
PCL   Poly(ε-caprolactone) 
PCR     Polymerase Chain Reaction 
PGA     Poly-δ-Glutamate 
PHB   polyhydroxybutyrate 
pI       Isoelectric Points 
PLA     Polylactic acid 
PLLA     Poly-L-lactic acid 
PMF      Peptide Mass Fingerprinting  
pNL     p-Nitrophenol 
pNPB     p-Nitrophenyl butyrate 
pNPL     p-Nitrophenyl laureate 
QS      Quorum Sensing  
ROP   Ring-opening polymerization 
SBA     Spirit Blue Agar 
SDS-PAGE  Sodium Dodecyl Sulphate - Polyacrylamide Gel Electrophoresis  
TAG   Triacylglycerole 
TCA    Trichloroacetic Acid 
TEMED   Tetramethylethylendiamine 
Tg      Transition temperature 
WA   Wort Agar 
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Tab. 10 Data about biodegradation of PCL and PCL/GO 
Sample Aging [day] Weight loss [%] Mn Ð 
PCL 0 - 17.9 1.46 
PCL-BS 7 2.9 15.6 1.53 
PCL-BS 14 8.6 14.7 1.57 
PCL-BS 21 12.0 12.0 1.77 
PCL-c 7 0.5 n.a. n.a. 
PCL-c 14 0.4 n.a. n.a. 
PCL-c 28 0.0 17.4 1.40 
PCL/GO 0 - - - 
PCL/GO-BS 7 2.7 15.3 1.54 
PCL/GO-BS 14 5.1 14.9 1.54 
PCL/GO-BS 21 4.7 12.9 1.73 
PCL/GO-c 7 0.2 n.a. n.a. 
PCL/GO-c 14 0.8 n.a. n.a. 
PCL/GO-c 21 0.4 17.1 1.42 
 
 
 
 
Fig. 50 Kinetic parameters of BS lipase in NBG, NBG/PCL and NB, NB/PCL systems, pNPL as 
substrate, pH 7 
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Fig. 51 Kinetic parameters of BS lipase  in NBG, NBG/PCL and NB, NB/PCL systems, pNPB as 
substrate, pH 7 
 
Fig. 52 Kinetic parameters of BS lipase in NBG, NBG/PCL and NB, NB/PCL systems, pNPB as 
substrate, pH 9 
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Fig. 53 Shaker with L-test tubes during biodegradation test 
 
 
Fig. 54 MALDI-plate spotting 
 
